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Abstract 
In many malaria endemic areas mixed-genotype infections are common. Theory 
developed by evolutionary ecologists makes strong predictions about how many 
aspects of parasite life history should be altered when con-specific competitors share 
the same host. Attempts to integrate this evolutionary theory with parasitology could 
benefit both fields considerably, but very little empirical work has been conducted. 
In this thesis, three aspects of parasite life history were investigated: 
transmission stage production, the virulence of infections and the sex ratio of 
transmission stages. All three, and the frequency of mixed infections in a population 
itself, are fundamentally linked to the transmission and pathology of malaria, the 
reduction of which is the aim of all current control programmes. An experimental 
system of the rodent malaria Plasmodium chabaudi in mice allows controlled mixed-
infections of distinct clones to be initiated and was used to test theoretical predictions. 
Genetic and immunological techniques were used to monitor the parasite population 
throughout the life cycle. One of the main findings from the experimental system was 
also tested in field populations of the human malaria P. falciparum. 
Compared to single-clone infections, mixed-clone infections of P. chabaudi 
showed increased transmission rates, higher virulence and in some experiments less 
female-biased gametocyte sex ratios. These results are in line with theoretical 
expectations, but in several cases the underlying mechanism responsible was not 
entirely consistent with that assumed by theory. The relative transmission rates of two 
clones in a mixed infection were not predicted by their relative starting inocula or their 
relative asexual parasite abundances four days before transmission was measured. The 
minority clone in a mixed-clone infection inoculum transmitted at least as well, and 
often far better, than it did as a single-clone control. Asexual parasite population sizes 
were often poor predictors of transmission and virulence. However, the data show 
common patterns across experiments which help to elucidate patterns of interactions 
between parasite genotypes and the host. The results are consistent with a strong 
strain-specific component to host immunity, with a suggestion that immune responses 
to mixed-genotype infections may be more costly for the host than those directed 
against single-genotype infections. 
The relevance of all experimental results to the control of human malaria 
parasites is discussed, and the results of a field study designed to test one aspect of the 
findings is presented. This indirect study of transmission from mixed- and single-
genotype infections of P. falciparum infections in the field suggested that conclusions 
from the experimental system were also applicable to the most common human malaria 
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parasite. The thesis illustrates that by directly testing theoretical models of parasite 





1.1 HOST-PARASITE INTERACTIONS AND EVOLUTION 
It is the selective pressures exerted by parasites on their hosts and by 
hosts on their parasites that have received almost all of the attention of evolutionary 
ecologists working on parasites. Parasites divert nutrients from their hosts so as to 
maximise their own fitness and transmission, whilst hosts attempt to minimise the loss 
of resources to parasites. 
The effects of parasites on their hosts vary from relatively mild energy losses to 
complete loss of reproductive function and even death. Consequently, a major 
component of host fitness can be the ability to resist or tolerate parasites. Even where 
the energetic costs of parasitism appear relatively slight, sustained infections can cause 
considerable reductions in fitness. In natural populations of feral rock doves, 'benign' 
feather-feeding lice caused a steady reduction in body mass over a nine month period 
(Booth et al. 1993) and across a range of bird and mammalian hosts, ectoparasites 
have been shown to have marked effects on survival and reproductive success 
(reviewed by Lehmann 1993). In a study of cliff swallows, the reduction in 
survivorship due to ectoparasites was equivalent to hosts losing up to a year of 
reproductive success (Brown et al. 1995). A reduction in spatial learning ability has 
been demonstrated in mice as a result of infections with the intestinal nematode 
Heligmosomoides polygyrus (Kavaliers & Colwell 1995), and in children infected 
with Ascaris worms (Levav et al. 1995) and Trichuris whip worms (Nokes et al. 
1992) have aspects of cognitive function impaired. In a field situation, loss of 
cognitive function could have a very severe effect on survival. 
Reductions in host reproductive success following parasitic infection have been 
demonstrated for insects such as Drosophila (Polak 1996) and mosquitoes (Hogg & 
Hurd 1997), reptiles such as lizards (Schall 1983), a wide variety of birds (Hudson 
1986; Lehmann 1993; Brown et al. 1995), and mammals such as marmots (Van Vuren 
1996). Complete loss of reproduction occurs in snails castrated by trematode infections 
(reviewed by Hurd 1990) and insect hosts which are consumed from within by 
parasitoids before they can develop into reproductive adults (Godfray 1994). Deer 
mice infected with Eimeria have a lowered probability of surviving over winter (Fuller 
& Blaustein 1996) and Soay sheep infected with intestinal nematodes are less likely to 
survive winter population crashes than uninfected animals (Gulland et al. 1995). 
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Highly detrimental effects on host survival have been linked to parasites which 
cause hosts to behave inappropriately, increasing their risk of predation (reviewed by 
Moore & Gotelli 1990; Hurd 1990; Thompson & Kavaliers 1994). These effects are 
"often the opposite of what we would expect if they were simply boring by-products 
of infection with a debilitating parasite" (Poulin 1994) and usually result in enhanced 
transmission, suggesting that the host behaviour is being manipulated by parasites. 
Vector borne parasitic diseases are often associated with lethargy (reviewed in Moore 
and Gotelli 1990), which is thought to increase the probability of successful vector 
feeding and transmission. Parasitised GammaruS 
crustaceans swim towards the 
surface of the water, and cling to floating vegetation (Bethel & Holmes 1973), 
Dicrocoelium-infected 
ants climb to the tops of grass blades before becoming 
motionless (Romig et al. 
1980), and some parasitised hosts develop conspicuous 
colouration (Brattey 1983). All of these changes increase the risk of the host being 
preyed upon, and thereby ensure that the parasite reaches its next host. 
In most cases, only one aspect of host fitness has been investigated, but in wild 
caught lizards, infection with malaria parasites has been correlated with a wide range of 
effects on host fitness. Infected lizards have lower running stamina, a higher frequency 
of broken tails and are easier to recapture, which are all consistent with a higher risk of 
predation. In some species, infected males have reduced testis size, are more 
asymmetric have altered sexual signals and are less able to hold territories, whilst 
infected females lay fewer eggs per clutch than uninfecteds (Schall 1996). Such 
compounded effects on different aspects of host fitness lead to very strong selective 
pressures for hosts to evolve anti-parasite measures. 
Virtually all multicellular organisms have parasites and many parasites 
themselves have parasites. The selection imposed by parasites is therefore probably 
one of the fundamental driving forces in evolution and may be responsible for the 
evolution of very expensive host traits. Parasite imposed selection is one of the most 
likely explanations for the maintenance of sexual reproduction (Hamilton et al. 1990; 
Howard & Lively 1994). Associated with sexual reproduction in many species, costly 
sexual signals are thought to have evolved to allow males to advertise their fitness. 
This has been proposed as a method which allows females to select mates with reduced 
parasite burdens (Hamilton & Zuk 1982). Empirical support is equivocal, but there is 
some evidence that brightly coloured males are more common in species that suffer 
higher parasites prevalences and that within species females can choose males with 
lower parasite burdens through secondary sexual signals (reviewed by Read 1990; 
Clayton 1991). 
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Parasites have shorter generation times, and hence faster evolutionary rates, 
than their hosts, and in order to eliminate them the host must be able to respond during 
the timescale of an infection. Vertebrate hosts have evolved highly complex immune 
systems, allowing somatic evolution of host cells which can trigger parasite 
destruction. In order to combat a potentially limitless variety of parasites, a large set of 
very polymorphic genes is required to encode the immune system. In humans, the 
Major HistocompatibilitY Complex encodes genes with a central role in immune 
responses. These genes are amongst the most polymorphic in the genome, and this 
variability is thought to be due to selection imposed by parasites (Hill et al. 1994; Klein 
& O'Huigin 1994). In invertebrates, less complex systems have evolved, but similar 
inducible mechanisms of differentiating self from non-self occur. Proliferative immune 
responses must require large amounts of host resources which could otherwise be used 
for other host functions such as reproduction. If the expression of genes involved in 
immunity were not costly they would presumably be constitutively expressed instead 
of having to be induced after the arrival of pathogens which also incurs the costs of 
recognition systems (Harvell 1990). It has been argued that the host must weigh up the 
costs of mounting an immune response against the costs of the parasites themselves, 
before optimal allocations of energy between host functions are made (Sheldon & 
Velhurst 1996). It has also been argued that the expression of an immune response 
itself can under some circumstances be detrimental to host fitness (Behnke et al. 
1992; 
Lefcort & Blaustein 1995). 
In turn, pressure from host anti-parasite systems exerts considerable pressure 
on the parasites to evade these systems. Host selection on parasites is expected to be at 
least as strong as parasite selection on hosts, since combating parasites is just one 
aspect of host fitness, but a parasite which cannot survive in a host has no fitness at all 
(the life-dinner principle; Dawkins & Krebs 1979). Parasites have evolved many 
different ways of avoiding, disrupting, or evading immune attack (reviewed by Antia 
et al. 
1993). Examples include the polysaccharide capsules of meningitis- and 
pneumonia-causing bacteria which make them resistant to opsonisation and lysis, the 
capsules of streptococcal bacteria which mask more immunogenic antigens, and the 
bacterial proteaseS which cleave host immunoglobulin molecules. Some parasites can 
remain latent inside hosts cells (such as Plasmodium vivax 
hypnozoites in liver cells), 
whilst others seek refuge in immunologically privileged sites such as the nervous 
system, or integrate their DNA with that of the host for long periods as does the 
Herpes virus. 
Eukaryotic parasites have also evolved ways of being inaccessible to the 
immune system (Allred 1995). Complex systems of antigenic diversity across 
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genotypes and antigenic variation within genotypes allow persistence in the face of 
immune attack (Mendis et al. 1991). Positive natural selection for variation in antigen 
sequences has been demonstrated in HIV (Balfe et al. 1990) and malaria parasite 
populations (Hughes & Hughes 1995). The large number of loci involved in antigenic 
variation and the mechanisms necessary for switching to occur (in trypanosomes this 
may be over 1,000) suggest that this is also a costly strategy (Seed et al. 1984). Since 
surface antigens also serve functional purposes, allowing such diversity is presumably 
costly, as not all alleles are equally functional. 
Host-imposed selection on parasite populations is therefore very strong, but for 
many parasites of economic or medical importance there are also strong selective forces 
due to intervention regimes. Parasite control programs which use drugs, vaccines and 
vector control should theoretically select for different biochemical pathways, 
expression of different antigens and increased persistence within the host and/or 
increased production of transmission stages. Given the antigenic diversity already 
present in natural populations, it is perhaps to be expected that selection by vaccines 
will quickly result in the rapid spread of antigenically distinct 'escape' variants. This 
type of process is thought to explain the reduction in effectiveness of a live attenuated 
vaccine against Babesia bovis in cattle (Dalrymple 1992). The evolution and spread of 
drug resistant mutants in species of Plasmodium (Wernsdorfer 1991), Leishmania 
(Ouellette & Papadopoulou 1993), Eimeria (Chapman 1993), Schistosoma (Cioli et al. 
1993), Trypanosoma (Bacchi 1993) and Giardia (Uperoft & Uperoft 1993) suggests 
that parasite biochemical pathways may also be easily altered by strong selection 
pressures. 
1.2 PARASITE-PARASITE INTERACTIONS 
There is thus a potential for evolutionary arms races between hosts and their 
parasites, which is likely to be responsible for the evolution of very complex traits in 
both parties. Intervention strategies also have a major impact on the evolution of 
parasite traits. However, these are not the only selective pressures which influence the 
evolution of parasite traits. Host ranges of parasites often overlap, and single hosts. 
often have more than one parasite species, or more than one genotype of a parasite 
species at the same time. Parasites are therefore subjected to selection from other 
parasites to evolve optimal behaviour. Compared to the attention given to host-parasite 
interactions, very little attention has been given to these selective pressures by 
evolutionary ecologists, and very few field and experimental studies have been 
undertaken. 
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Richie (1988) on the subject of malaria, highlighted three possible mechanisms 
of interaction between parasite species within a shared host: immunity, shared host cell 
types and host nutrition. He concluded that alterations in parasite host cell type 
preferences, antigenic types and nutrient requirements have all evolved under selection 
pressures from other parasites. Interactions between parasite species can be positive, 
negatives or not apparent (Christensen et al. 
1987), and there are clear examples of 
interactions being mediated by nutrient supply (Smith & Holt 1996). Malaria infections 
are suppressed in their mammalian hosts by heavy intestinal nematode infection 
(Murray et al. 
1978), coccidial infection (Ott & Stauber 1967) and microfilarial 
infection (Schmidt & Essinger 1981). However, more severe malaria infections are 
experienced by hosts also infected with Toxoplasma 
or Trypanosotna species 
(reviewed in Cox 1978) and by hosts infected with Leishmania 
(Coleman et al. 1988). 
Across host populations, associations between parasite species also suggest 
facilitation. Only where Plasmodium agamae 
is found in lizard populations are enough 
hosts with immature red blood cells found to allow P. giganteum 
to establish (Schall & 
Bromwich 1994). The inverse of this pattern has also been demonstrated, with 
Trypanosome infected mice being less susceptible to infection with 
Babesia than non-
infecteds (Millott & Cox 1985). In chickens simultaneously infected with 
Ei,neria and 
Plasmodium, 
no significant effect on either parasite infection was seen (Williams 
1985), and in mice jointly infected with Trypanosomes and 
Plasmodium, only a mild 
increase in the prepatent period of the former was seen (Millott and Cox 1985). 
In mosquito vectors, joint infection with P. gallinacewfl 
and Brugia pahangi 
resulted in slower development rates of both parasites (Albuquerque & Ham 1995) but 
Wuchereria infection levels were higher in mosquitoes also infected with 
Plasmodium 
(Burkot et al. 
1990), and infection with microfilanal worms allows mosquito species 
which do not normally transmit viruses to do so (Turrell et al. 
1984). Interactions 
between parasite species can therefore profoundly affect the distribution of parasites 
and by implication must be imposing selection on parasite life histories. 
However, the fitness of a parasite is measured relative to other genotypes of the 
same species, and it is selection imposed by interactions of different genotypes of the 
same species which are most critical to an un
derstanding of the evolution of parasite 
traits. Niche separation must be less marked between parasites of the same species than 
between different species, so competitive effects are expected to be stronger in the 
former. There has been a recent expansion of theoretical work on parasite-imposed 
selection, but virtually no empirical studies. 
There is a considerable body of theoretical work on the evolution of parasite 
populations particularly regarding parasite virulence (reviewed by Bull 1994; Ewald 
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1995; Frank 1996) and within-host dynamics (eg. Hellriegel 1992; Gravenor et al. 
1995). The modelling work has shown that these traits should be altered in mixed-
genotype compared to single-genotype infections. This is because when parasite 
genotypes are forced to compete for limiting resources within a host, it is expected that 
total within-host replication rates will be higher than for single-genotype infections. 
There is no selection for a parasite clone to exploit the host prudently if another clone 
will exploit it faster. The length of the infection and density of parasites (and 
presumably therefore the severity of symptoms) can both be increased in mixed 
infections (Hellriegel 1992; Antia et al. 1996). Parasite genotypes that transmit to other 
hosts are thought to be those that succeed in competitive situations (Bremermaflfl & 
Thieme 1989), which ultimately affects the evolution of characteristics such as growth 
rate and virulence (Levin & Pimentel 1981; Nowak & May 1994). 
The virulence experienced by the host is generally agreed by evolutionary 
ecologists to be the reduction in host fitness due to the parasites (Read 1994). If 
virulence is the unavoidable consequence of parasite replication rates, as most models 
assume, then as replication rates rise in mixed-genotype infections so too should the 
detrimental effects experienced by the host. Many models have shown that where 
mixed-genotype infections are common, levels of virulence greater than those optimal 
for single-genotype infections will be favoured by natural selection (eg. Eshel 1977; 
Hamilton 1972; Axelrod & Hamilton 1981; May & Anderson 1983; Knolle 1989; 
Bonhoeffer & Nowak 1994; Nowak and May 1994; Frank 1992; Hellnegel 1992; van 
Baalen & Sabelis 1995a; Frank 1996). In the competitive situation of a mixed-
genotype infection, parasites which exploit host resources slowly are expected to be 
outcompeted by those exploiting hosts more rapidly. Thus, optimal levels of virulence 
are higher in mixed-genotype infections, even if this leads to fewer secondary 
infections than might be otherwise achieved. In the extreme, short-term selection 
arising from competition within a host can lead to greatly increased levels of virulence, 
with greatly decreased transmission rates; so called short-sighted evolution (Levin & 
Bull 1994). 
Parasite populations are usually highly structured, and where sexual 
reproduction occurs, sex ratios should be highly female-biased (Hamilton 1967). In 
structured populations, offspring of one individual will often mate with each other, and 
local mate competition (where brothers compete to mate with their sisters) can arise. 
Increasing the proportion of females produced decreases local mate competition and 
also increases the total number of females available for mating (Taylor 1981). As 
mixed-genotype populations increase the probability of the offspring of an individual 
mating with the offspring of another genetically distinct individual, sex ratios should 
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be less female biased than in single-genotype populations. Sex ratio is an aspect of life 
history that is theoretically well understood, as it depends on relatively few parameters 
of the population, and is the character for which the clearest predictions of theoretical 
work are available. It could be argued that if adaptive sex ratios are not found for a 
particular system, then an adaptive view is not suitable for the study other life history 
traits. 
There has been little empirical work on parasites systems relating to the 
theoretical predictions and very few experiments have tested whether competitive 
interactions do occur between different strains or clones of the same parasite species 
(Seed 1978; SnounOu et al. 
1992; Read and Anwar in prep.). These have shown that 
the infection course of one strain can be suppressed by the presence of another sharing 
the same host, suggesting that infection dynamics are not regulated entirely by strain-
specific immune responses. Only one study has addressed how transmission from 
mixed infections might be altered (Nakamura et al. 
1992). This showed that the relative 
transmission of two lines of Eimeria tenella 
from mixed infections was very different 
from that from single-line infections, although total numbers of oocysts (overall 
transmission from the infections) were similar. None of these experimental studies 
examined directly whether transmission was correlated with within-host replication 
rate, an assumption common to many models (eg. Bremermann & Pickering 1983; 
Gupta &Day 1996). 
Thus many theoretical predictions have been made about interactions between 
genotypes of the same parasite species within a host, but there are insufficient data 
available to test their validity. This project aims to study the interactions between 
genotypes of the rodent malaria Plasmodium chabaudi 
in a mouse host in order to test 
the theoretical predictions and assumptions of the models outlined above. 
1.3 MALARIA PARASITES IN NATURAL POPULATIONS 
(i)Variability 
Within a species, levels of diversity in malaria antigens are very high at all 
spatial scales from world-wide to within an individual (Walhiker 1983b). Sex is an 
obligate part of the hifecycle, so recombination between genotypes increases diversity 
even further (Walliker 1989). The markers most commonly used to study parasite 
diversity are the genes encoding antigens, which have been shown to be highly 
polymorphic (Tanabe et al. 1987; Thomas 
et al. 1990 and reviewed by Kemp 
et al. 
1990). Using PCR primers which recognise conserved regions either side of 
polymorphic regions, diversity in populations is relatively easy to assess. In a field 
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study in Papua New Guinea, 9, 14 and 9 different alleles of MSP-1, MSP-2 and 
GLURP antigen genes respectively were found in 133 people infected with P. 
falciparum (Paul et al. 1995). A similar study in Tanzania found 17 and 23 alleles of 
MSP- 1 and MSP-2 respectively in only 53 P. fakiparum infected people (Babiker et 
al. 1994b). It is likely that selection by the host immune system has produced this 
diversity in antigens (Mendis et al. 1991), especially as non-synonymous mutations 
are more frequent than synonymous ones (Hughes and Hughes 1995; Conway 1997). 
The observations from field populations that steep rises in parasitaemia are associated 
with genotypes not recently seen by the host is also consistent with immune selection 
of variants (Mercereau-Puijalon 1996), even if the immunity is short lived. In 
experimental systems, the direct application of monoclonal antibodies or their induction 
using vaccines has been demonstrated to select for variant antigens within an infection 
in rodent (Wood et al. 1989), primate (David etal. 1985; Klotz etal. 1987) and human 
(Iqbal et al. 1997; Fandeur etal. 1995) malaria species. 
Variation in other characteristics such as isoenzyme and drug resistance is also 
high. Using two-dimensional page gel electrophoresis, 14 variant proteins were 
identified in two mixed isolates of P. falciparum (Fenton etal. 1985). In a study of 10 
clones from Thailand, three isoenzymes and seven different proteins analysed by two-
dimensional electrophoresis were shown to be polymorphic, and chioroquine and 
pyrimethamine susceptibility varied over 2 and 4 orders of magnitude respectively 
(Thaithong et al. 1984). Considerable enzyme polymorphism has also been 
demonstrated in P. vivax (Joshi et al. 1989). 
(ii) Mixed infections 
Infections of more than one species of malaria parasites (which can be 
differentiated by morphology in blood smears) were reported from very early surveys. 
McGregor et al. (1956) concluded that over 60% of children in the Gambia carried 
more than one species of Plasmodium, and a more recent review of these data suggests 
that in different areas of the world, from less than 1% to more than 50% of malaria 
infections consist of more than one species (Richie 1988). 
With high levels of diversity in natural parasite populations, mixed-genotype 
infections of the same species are inevitable. The most clinically important human 
malaria P. falciparum has been studied in the most detail and it is for this species that 
the prevalence of mixed infections is best known. Based on extensive field surveys 
from many parts of the world, Day et al. (1992) concluded that between 30 and 83% 
of P. falciparum infections consisted of more than one genotype. The complexity of 
infections can be very high; seven distinct parasite types varying in drug resistance, 
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antigen and isoenzyme characteristics were found within one Thai patient (Thaithong 
et 
al. 
1984). Monoclonal antibody analysis of the MSP-1 gene, revealed that 52% of 
patients reporting with P. falciparwfl 
malaria had mixed-genotype malaria infections 
(Conway et al. 
1991). With PCR-based genetic techniques, up to six different alleles 
of a single-copy parasite antigen gene were found in infected people in Senegal 
(DaubersieS et al. 
1996). Surveys using the PCR technique in Senegal, Tanzania and 
Papua New Guinea have found 82%, 85% and 72% of 
P. falciparuin infections were 
of mixed-genotype (Ntoumi et al. 1995; Babiker et al. 1994b; Paul 
et al. 1995). Far 
fewer studies have been carried out on P. vivax, 
but enzyme variation in samples from 
India suggested that around 14% of infections were mixed-genotype (Joshi et al. 1989) 
and PCR analysis of samples from Papua New Guinea suggesting that 65% 
were from 
mixed-genotype infections (Kolakovich et al. 1996). 
Although the frequency of mixed-genotype infections is increasingly reported 
from genetic studies of human malaria parasites, the ecological and evolutionary 
consequences of these mixed infections are not understood. There is only one, 
inconclusive, study on whether all genotypes in an infected person transmit to 
mosquitoes simultaneously (Huber 1995), and none at all on whether the presence of 
another genotype affects the course of infection and transmission of any other present 
in the same host. 
1.4 THE PLASMODIUM CHABAUDI 
/ MOUSE MODEL 
(i) Plasmodium chabaudi 
Plasmodium chabaudi is a species of malaria parasite isolated from Central 
African Republic thicket rats, Thamnomys rutilans 
(Landau & Chabaud 1994). Primate 
malaria species probably provide the best models of the human disease (Butcher 
1996), but given the rarity and expense of suitable primates, and the ethical 
considerations, these are impractical for all but a very few experiments. There are 
considerable differences between avian and human immune systems which make the 
avian malaria species unsuitable, so the rodent malarias have been proposed as the best 
model systems for examining the dynamics between parasites and host immune 
responses (Mons & Sinden 1990). P. chabaudi 
exhibits several features of P. 
falciparum 
infections including synchronous shizogony, capillary sequestration a 
preference for mature red blood cells and a peak of gametocyte production late in the 
infection and is considered the best rodent malaria model for this human malaria 
(Walliker 1983a; Mons and Sinden 1990). Strain-specific immunity and antigenic 
variation, which are characteristic of host responses to P. falciparum, 
have also been 
shown in P. chabaudi (Jarra & Brown 1985; Jarra 
et al. 1986; Jarra & Brown 1989; 
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Snounou et al. 1989; McLean et al. 1990). However, the suitability of any rodent 
malaria species for accurately modelling human malaria infections has also been 
questioned (Cox 1988). However, human malaria parasites in culture are unsuitable 
for studies which involve interactions possibly mediated by the immune system and the 
analysis of field data from the human malarias is hampered by an inability to control 
for confounding factors and can only ever provide correlational support for 
hypotheses. The P. chabaudi system has many similarities to P. falciparum infections 
and can be used in readily available inbred host lines with the advantages of well 
developed experimental methods. For the purposes of this project, which involves 
comparisons between infections of differing genetic complexity, P. chabaudi provides 
the most practical laboratory system. 
(ii) The laboratory mouse host 
Plasmodium chabaudi chabaudi parasites were isolated from thicket rats of the 
species Thamnomys rutilans, collected in the Central African republic in the 1960s and 
1970s. Thamnomys rutilans is arboreal and nocturnal, living and nesting about 1-2 
metres above ground. It weighs 50-100g. measures 121-161mm. (head and body), and 
has a long tail (160-222mm) and short curved claws (Nowak 1991). There is however 
some controversy over which genus the species belongs to. On the basis of cranial and 
dental morphology it is now regarded as part of the Grammomys genus (Wilson & 
Reeder 1993), although Grammomys and Thamnomys are so similar that some authors 
have placed the former within the latter (Nowak 1991). In the current classification 
based on morphology (Wilson and Reeder 1993), both genera belong to the subfamily 
Murinae (Family Muridae, Suborder Sciurognathi, Order Rodentia) which also 
contains the genera Rattus and Mus. As far as I am aware, there has been no molecular 
phylogeny constructed which includes either Thamnomys or Grammomys. No DNA 
sequences from either genus have been entered in the GenBank database. Thus it is not 
possible to say how divergent the original host species is from the laboratory model, 
Mus musculus, or how long ago they shared a common ancestor. 
Differences between the infection course of P. chabaudi in its natural and 
laboratory host have been documented (Landau and Chabaud 1994). Generally the 
infection establishes a much lower parasitaemia and is more chronic in the natural host. 
However, one advantage of using the mouse model is that higher gametocyte densities 
are generated in infections than are seen in natural hosts, where quantification of 
gametocytes is frequently difficult (Landau and Chabaud 1994). 
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Figure 1.1 The lifecycle of P. chabaudi. 
Sporozoites from an infected mosquito are 
injected into the host and migrate to the liver where they undergo a single round of 
asexual replication before being released into the bloodstream. Haploid asexual 
parasites circulate within red blood cells of the host, dividing asexually once every 24 
hours. A small fraction of asexual parasites instead of producing more asexuals 
develop into gametocytes. These are non-dividing and are the only stages capable of 
infecting a mosquito when it ingests blood. Thus there is a trade-off between asexual 
proliferation within the host and transmission from it. Once ingested, gametocytes 
rapidly mature into gametes and fertilisation occurs within 20 minutes to form a diploid 
zygote. Asexual replication of the meiotic products of fertilisation occurs and the 
products are held together within a developing oocyst for around 12 days of 
development. After this time, sporozoites emerge from the oocyst and migrate to the 
salivary glands where they mature and become infective to the next host. 
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Laboratory mice have been used extensively for experimental rodent malaria 
infections and the whole lifecycle (Figure 1.1) can be reproduced in the laboratory, 
arguing that they are not entirely inappropriate hosts. Mice can be infected with specific 
numbers of parasites of known genotypes, and infections monitored using blood 
smears to determine parasite density and monoclonal antibodies to determine genotype. 
Laboratory-reared Anopheles stephensi mosquitoes can be used to transmit the 
parasites with transmission intensity easily assessed by counting oocysts on the 
midguts from dissected mosquitoes (Figure 1.2). Thus the whole lifecycle of P. 
chabaudi can be reproduced under controlled laboratory conditions. Most importantly 
for the work described here is that interactions between clones of P. chabaudi 
(Snounou et al. 1992; Read and Anwar in prep.) and strain-specific immunity (Jarra & 
Brown 1985; Snounou et al. 1989) have previously been demonstrated using the 
mouse model. 
(iii) P. chabaudi clones CR and ER 
The rodent malaria parasites used in this study were isolated from their natural 
hosts over 25 years ago. Since isolation the parasites have been stored for long periods 
as stabilites in liquid nitrogen. As maintenance in laboratory hosts may select for 
adaptations to that host, frozen stabilites that had been maintained in laboratory hosts 
for the shortest period were chosen. 
The CR clone originated from a Thamnomys rat which arrived in Edinburgh in 
September 1970. Parasites from this rat were first transferred to a Grammomys 
surdaster thicket rat in May 1971, and then maintained in a variety of laboratory mouse 
strains with intermittent periods as frozen stabilites. In total, 14 generations of 
infections in laboratory mice (a period totalling four and a half months) occurred 
between the isolation of the parasites from their natural host and the frozen CR parasite 
stabilite used to initiate the experiments described in this thesis. 
The ER clone was derived from a stabilite sent to Edinburgh by Cecile Hamers-
Casterman (56L). Parasites were isolated from a rat caught in the Central African 
Republic in 1965. Exactly how long these parasites had been maintained for in 
laboratory hosts prior to being sent is unknown, but it is expected that this was kept to 
a minimum. Whilst in Edinburgh, 22 generations of infections in laboratory hosts (a 
total of 5 months), occurred between the isolation of the parasites from their natural 
host and the frozen ER parasite stabilite used to initiate the experiments described in 
this thesis. 
Exposure to the selection pressures of laboratory hosts has been kept to a 
minimum, a variety of different laboratory mouse strains have been used and infection 
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lengths have been very variable. It is therefore unlikely that adaptations to the 
laboratory system have been strongly selected for in the parasites used in this study. 
Cloning (dilution of infected blood into many mice, such that on average mice 
received 0.5 parasites each) to ensure genetic homogeneity was carried, out in 
Edinburgh on both sets of parasites prior to the start of this work. 
Different clones of P. chabaudi show considerable diversity at isoenzyme 
(Carter 1978) and antigen (McLean et al. 1991) loci. Of the 31 monoclonal antibodies 
against MSP-1 used in McLean et al. (1991), 20 differentiated between clones CR and 
ER. However, the extent of differences between the clones at other loci is not known. 
The ER clone was not included in the isoenzyme studies, but as other P. chabaudi 
isolates showed high levels of polymorphism at the 6-phosphogluconate 
dehydrogenase and lactate dehydrogenase loci (Carter 1978) it is likely that CR and ER 
differ at these loci too. 
1.5 EXPERIMENTAL AIMS 
The aims of the work described in this thesis were to investigate the ecological 
interactions occurring within mixed-clone infections of P. chabaudi in mice and to 
ascertain their effects on three aspects of parasite life history: 
Transmission stage (gametocyte) production 
Virulence 
Gametocyte sex ratio 
Controlled mixed-genotype and single-genotype infections in mice were 
initiated with known numbers of parasites and asexual and transmission stage 
populations were monitored throughout the infections. This enabled the predictions of 
the theoretical literature (as outlined in section 1.2) to be tested, and several key 
assumption of the models to be examined. The following specific questions were also 
addressed; 
Is parasite density in mixed-clone infections higher than in single-clone 
infections? 
Does numerical dominance of asexual infections lead to dominance of 
transmission populations? 
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Are facultative changes in transmission stage production and sex ratio 
occurring? 
Is virulence solely dependent on the parasite density experienced by a 
host? Finally, one of the key findings of the experimental system was tested in a field study 
in Tanzania. 
Figure 1.2 (overleaf) 
Scanning electron micrographs of an uninfected mosquito 
midgut (A) and a midgut infected with numerous P. 
chabaudi oocysts (B). Whole 
midgut preparations were dissected from mosquitoes into phosphate buffered saline, 
then fixed with glutaraldehYde. Samples were impregnated with osmium teroxide, 





Mixed-clone infections of the rodent malaria P.chabaudi are 
more infectious to mosquitoes than single-clone infections 
2.1 ABSTRACT 
Interactions between parasite genotypes sharing a host are poorly understood, 
but have important consequences for the epidemiology and evolution of the parasite. In 
mixed-genotype malaria infections, patterns of asexual replication and transmission 
favoured by natural selection may be different from those in single-genotype 
infections. 
The infectivity to mosquitoes of mixed-genotype and single-genotype 
infections was compared using two clones of Plasmodium chabaudi inoculated into 
mice either together or alone. Mice given mixed-clone infections received the sum of 
the inocula given to the single-clone controls. Mosquitoes were allowed to feed on the 
mice and the numbers of oocysts which developed were counted to assess 
transmission intensity. For three combinations of starting inocula and feed days, 
mixed-clone infections produced more oocysts per mosquito than the sum of the two 
single-clone infections. This effect was correlated with an increase in gametocyte 
density, but was less clearly related to asexual infection parameters. The results show 
that interactions between clones in mixed-clone infections can profoundly affect 
transmission. 
2.2 INTRODUCTION 
The majority of human malaria infections consist of more than one genetically 
distinct genotype of the same Plasmodium species (Day et al. 1992). In Tanzania, 
Senegal and Papua New Guinea, for example, PCR analysis has shown that over 70% 
of infected people harbour more than one parasite genotype (Babiker et al. 1994b; 
Ntoumi et at. 1995; Paul et al. 1995). Unless parasites are regulated by wholly 
genotype-specific immune responses, clonal parasite populations within hosts will 
interact, either through resource competition, via the host immune system (apparent 
competition, sensu Holt 1977), or by other mechanisms (Richie 1988). These 
interactions could have a substantial impact on infection dynamics. The kinetics of 
infection of one Plasmodium species can be radically altered by the presence of another 
(Richie 1988; Snounou et al. 1992); where competing populations are distinct 
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genotypes of the same species, niche separation must be less marked and competitive 
interactions even more severe. Within mixed-genotype infections of Plasmodium 
chabaudi in mice, marked suppression of one clone by another can occur (Snounou et 
al. 1992; Read & Anwar, pers. comm.). Natural selection should therefore favour 
parasites with life histories appropriate for these circumstances. 
There have been no studies on how interactions between blood stage malaria 
parasite populations in mixed-genotype infections affect transmission to new hosts. 
Depending on the nature of the interactions, transmission could be unaltered, 
suppressed or increased. To determine which, transmission from mixed-clone and 
single-clone infections of the rodent malaria, P. chabaudi was compared. Groups of 
mice were infected with clones CR and ER, either singly or together. Mice given two 
clones received the sum of the starting inocula of the two single-clone infections in each 
experiment, with an initial ratio of either 1:9 or 9:1 of the two clones. These starting 
conditions have previously been shown to result in competitive suppression of the 
initially rare clone (Read & Anwar, pers. comm.). Transmission rates of mixed-clone 
infections were over seven times the sum of the two single-clone infections, and 
increased transmission was correlated with higher gametocyte densities in the mixed-
clone infection mice. 
2.3 MATERIALS AND METHODS 
Parasites, mice and mosquitoes 
Two cloned lines of P. chabaudi denoted CR and ER (Beale et al. 1978), 
obtained from the WHO Registry of Standard Malaria Parasites, Edinburgh University, 
were used. The hosts were male C57BL/6J/Ola mice (Harlan, England) in which P. 
chabaudi is usually non-lethal (Stevenson et al. 1982). Mice were fed on SDS rat and 
mouse maintenance diet and drinking water was supplemented with 0.05% para-amino 
benzoic acid (PABA) to enhance parasite growth. Artificial illumination was provided 
from 07.00 to 19.00 hours. The vector was Anopheles stephensi, maintained at 25- 
28°C and 70-80% humidity, fed on 10% glucose in water supplemented with 0.05% 
Inoculation of mice with standard numbers of parasites 
Parasite densities in infected mice were determined from Giemsa-stained thin 
blood smears and red blood cell counts made using a Coulter Counter. Blood from 
these infected mice was diluted in calf serum-Ringer solution (50% heat-inactivated calf 
serum, 50% ringer solution (27mM KC1, 27mM CaC12, 0.15M NaCl), 20 units 
page 19 
heparin/ml mouse blood) to give initial dilutions of the two parasite clones. These were 
then further diluted with calf serum-Ringer solution, or mixed together to give the 
required number of parasites in a 0. 1 m inoculum (see experimental design below). 
Infections were initiated by intra-peritoneal injection, from where parasites are taken up 
into the bloodstream. 
Parasite counts and mosquito feeds 
The number of asexual parasites per ml of blood (asexual density) was 
calculated from thin blood smears and red blood cell counts taken between 17.45 and 
18.15 hours on selected days. On the days when mosquitoes were to be fed, asexual 
parasitaemia (percentage of infected red cells) and gametocytaemia (number of 
gametocytes per 103 red blood cells) were calculated. Five day old Anopheles 
stephensi, starved for the previous 48 hours, were fed on the mice for 20 - 30 minutes 
between 18.00 and 20.00. Unfed mosquitoes were discarded, and the remainder were 
dissected 8 - 10 days later to obtain counts of the number of oocysts on each mosquito 
midgut. 
Experimental design 
Two experiments were conducted, each of which had three treatment groups 
(two single-clone and one mixed-clone). In experiment I (Figure 2. 1), the mixed-clone 
treatment group had an initial inoculum of 9x10 5 CR+IX105  ER and the CR and ER 
treatment groups 9x10 5 CR and I X 105 ER parasites respectively. For each 
experimental block, two mice were infected with each of the treatments, and asexual 
parasite density was measured on days 4, 7 and 10 post-infection (p.i.). On day 14 
p.i., thin blood smears were taken to assess asexual parasitaemia and gametocytaemia, 
and mosquitoes allowed to feed on the mice. Each experimental block was repeated 
four times, giving a total of 8 mice per treatment group. 
Experiment 2 was broadly similar to experiment 1, except that the relative 
frequency of the two clones was reversed and additional mice were infected for a 
mosquito feed on day 18 p.i. as well as for that on day 14 p.i.. Thus the basic design 
for each experimental block was as follows. Three treatment groups each of four mice 
received initial inocula of 1x10 5 CR + 9x105 ER, lxlO5 CR or 9x105 ER parasites. 
Mosquitoes were allowed to feed on two mice per treatment group on day 14 p.i. and 
on the remaining two mice on day 18 p.i.. The asexual parasite density was measured 
on days 4, 7 and 10 for all mice and additionally on day 14 p.i. for the mice fed on day 
18 p.i.. Thin blood smears were taken to measure asexual parasitaemia and 
gametocytaemia immediately prior to the feed for all mice. This basic design was again 
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performed four times (to give four experimental blocks) and a total of 16 mice per 
treatment group. 
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Figure 2.1 Schematic representation of one experimental block in 
experiment!. Three treatment groups were infected with 9x10 5 CR parasites, 
1x105 ER parasites or the sum of these. Experiment I consisted of four 
experimental blocks, carried out exactly as summarised here. Experiment 2 
was similar, except that the relative frequency of the two clones was reversed 
and extra mice within each block were infected so that feeds could be done on 
both 14 and 18 days p.i. pars=parasites, p.i.=post infection of the mice. 
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(v) Analysis 
Oocyst numbers per mosquito are well described by the negative binomial 
distribution (Medley etal. 1993) which is defined by the mean and the overdispersion 
parameter (k). In order to deal with this distribution without sacrificing power, 
generalised linear models are preferable (Wilson & Grenfell 1997) and were used here 
(Crawley 1993). Values of the overdispersion parameter (k) were estimated from the 
distribution of oocysts between mosquitoes fed on individual mice. Details of the data 
manipulation and analyses presented in the results section are given in the appendix to 
this chapter (Section 2.6). 
Throughout the analyses, the following definitions are used. 'Treatment' refers 
to the clone(s) of parasite with which the mice were inoculated (CR, ER or Mixed). 
'Block' refers to the four replicates of the basic design (Figure 2.1) carried out within 
each 'Experiment', and experiments 1 and 2 had initial CR:ER ratios in mixed-clone 
infections of 9:1 and 1:9 respectively. 'Feed day' refers to the day of infection 
mosquitoes were allowed to feed on the mice within experiment 2 (day 14 p.i. or day 
18 p.i.). 
2.4 RESULTS 
Over the four blocks of experiment 1, a total of 24 mice were infected and 550 
mosquitoes dissected. In experiment 2, 48 mice were infected, and a total of 1,257 
mosquitoes dissected. An average (±s.D.) of 23.9 (±4.72) and 27.3 (±1.05) 
mosquitoes were dissected from those fed on each mouse in experiment 1 and 2 
respectively. 
(i) Patterns of infection 
The changes in asexual parasitaemia for all treatments groups through the two 
experiments are shown in Figure 2.2. 
All three treatment groups had similar asexual densities four days prior to the 
feed in experiment 1 (F2,22=2.54, p>0.05). For experiment 2, asexual densities altered 
between days 10 and 14, and so the two feeds were analysed separately. Four days 
prior to the day 14 p.i. feed, the CR infection group showed higher asexual densities 
than the ER or mixed-clone infection groups (F2,23=3.59, p<0.05, Figure 2.2). Four 
days prior to the day 18 p.i. feed all the mice had very low asexual densities, and no 
differences between the treatment groups were significant (F2,21=2.43, p>0.05). In the 






























Figure 2.2 The course of the asexual infection in experiment I (a) 
and 2 (b) mice. The treatment group with the smallest inoculum was 
ER in experiment I and CR in experiment 2. Error bars are ±1 S.E. 
In experiment 1, the total number of asexuals produced during the main part of 
the infection (see Appendix, section 2.6, for method of calculation) was significantly 
lower for ER infections than for CR and mixed-clone infections (F 2,22=6.08, pczO.Ol). 
There was no evidence of differences between blocks (F3,20=1.95, p>O.l) and 
treatment effects did not vary between blocks (F6,17= 1.22, p>O.l). In experiment 2, 
the total number of asexuals was higher for the second feed day (F 1 ,40=7.71, p<0.0 1) 
and varied across blocks (F3,42= 4 . 16, p<0.05), but after controlling for these effects 
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there were no differences between treatment groups (F 2 ,41=2.80, p>0.05) and no 
interaction effects were significant (in all cases, p0.1). 
Figure 2.3 shows the overdispersed distribution of oocysts across mosquitoes 
for the two experiments. 52.2% and 51.3% of all mosquitoes dissected were oocyst 
negative for experiments 1 and 2 respectively, yet maximum oocyst burders were 900 
and 762 for experiments 1 and 2 respectively. 
The estimates of the overdispersion parameter of the negative binomial, k, used 
in the generalised linear models were 0.47 and 0.91 for experiment 1 and 2 respectively 
(S.E.s were 0.052 and 0.088 respectively). The relationship between the proportion of 
mosquitoes infected and oocyst burden generated by these estimates provides a good fit 
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Figure 2.3 The distribution of oocyst numbers in infected 
mosquitoes. (a) Experiment 1 where 550 mosquitoes were dissected 
of which 263 were oocyst positive. (b) Experiment 2 where 1,265 
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Figure 2.4 The relationship between the proportion of mosquitoes 
infected and the mean oocyst burden for experiments 1(a) and 2 (b). 
Each datapoint represents one mouse and the fitted line is the 
relationship expected from a negative binomial distribution with k = 






















(ii) Infecti v ity to  mosquitoes 
(a) Oocyst burdens 
In 
experiment 1, oocyst burdens in mosquitoes differed significantly between 
treatment groups (F2,17=8.44, p<O.Ol). Mixed-clone infections generated higher 
oocyst burdens than the CR infection group, which in turn generated higher oocyst 
burdens than the ER infection group (Figure 2.5a). 
Mean oocyst burdens fell across 
successive blocks (F3,17=6.47, p<O.Ol) but treatment effects did not differ between 
blocks (treatmeflt.block interaction, F6,11=0.88, p>0.1). The mixed-clone infection 
group and the most infectious single-clone group (CR) differed in their mean oocyst 
burdens I, 
io=5.l1 p<0.05). Therefore, mixed-clone infection mice were more 
infectious to mosquitoes than either of the single-clone groups. 
In experiment 2, the day of feed had a strong effect on oocyst burdens 
(F1,4029.29 p<zO.00I). Far fewer oocystS resulted from the day 18 p.i. feed 
compared with the day 14 p.i. feed (compare the scales of Figures 2.4b and c). After 
controlling for this effect, the treatment groups differed as in experiment I 
(F2,4=8.33 p<Z0.001). Mice with mixed-clone infections produced higher oocyst 
burdens than mice with CR which in turn were more infectious than mice with ER 
(Figure 2.5b and c). Blocks did not differ significantly (F3,40=1.83, p>0.05) and all 
second order and third order interactions between day of feed, treatment and block 
were insignificant (in all cases p>0.05). As in experiment 1, the mixed-clone group 
produced higher oocyst burdens than the most infectious single-clone group 
(Fi,15=9.00 p<O.Ol). 
The increased transmission level from the mixed-clone infections may be due 
simply to the larger number of parasites in their initial inocula. Alternatively mixed-
clone infections may be more infectious for other reasons. To differentiate between 
these explanations, the following hypothesis was constructed. If the two clones were 
behaving in
dependently within mixed-clone infections, the oocyst burdens generated 
by these infections would equal the sum of the oocyst burdens generated by the 
corresponding single-clone infections. To test this (see Appendix, section 2.6, at the 
end of this chapter, for details), a total of twelve independent comparisons (from the 
four blocks of experiment I and the four blocks for each feed in experiment 2) were 
used. Across the whole dataset there was a significant difference between the oocyst 
burden generated from the mixed-clone infections and that expected from the sum of 
the single-clone infection groups (Wilcoxon Signed rank test, Z=2.20, p<0.05). The 
mixed-clone infection group produced higher oocyst burdens in 10 out of the 12 
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Figure 2.5 The mean (+1 SE.) oocyst burdens for each treatment 
group in each experimental block for experiment day 14 feed (a), 
experiment 2 day 14 feed (b), and experiment 2 day 18 feed (c). 
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comparisons. An assumption is made in this analysis that oocyst burdens in 
mosquitoes are not limited within the range of infection levels found here, so that 
mixed-clone infection mosquitoes could carry the sum of the burdens of the two single-
clone infection mosquito groups. In fact the mixed-clone infection mosquitoes carried 
more than this sum, so it is clear that the assumption is justified. 
The ratio of the oocyst burdens from the mixed-clone infections to that expected 
(the sum of the two control group oocyst burdens) was calculated for each comparison. 
The mean (±S.E.) of these ratios showed that, on average, oocyst burdens generated by 
mixed-clone infections were 7.6 (± 2.7) times higher than those generated by the two 
single-clone infection groups together. When mixed-clone infection mice are compared 
to the single-clone group with the largest starting inoculum, very large increases in 
transmission were seen. Mixed-clone infections produced oocyst burdens 10.7 (± 5.5) 
times higher than the CR infections in experiment 1, and oocyst burdens 27.4 (± 12.9) 
times higher than the ER infections in experiment 2. 
(b) Proportions of mosquitoes infected 
In experiment 1, a higher proportion of mosquitoes was infected by mixed-
clone infection than by single-clone infections (X 2  =10.65, p<O.Ol; Figure 2.6 ). Mice 
from later blocks produced lower oocyst burdens, but this effect was only marginally 
significant ( X2  =7.75, p0.07), and there was no evidence of treatment effects 
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Figure 2.6 The mean (+1 S.E.) proportion of mosquitoes infected for 
the treatment groups in experiments 1 and 2. 
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In experiment 2, a greater proportion of mosquitoes became infected when fed 
on mice on day 14 p.i. than on day 18 p.i. (X2  =7.10, p<O.Ol, Figure 2.6). After 
controlling for this effect, treatments differed only marginally (=5.42, p=0.07). 
However, mixed-clone infections gave rise to a significantly higher proportion of 
infected mosquitoes than did the single-clone infections when treatment was reduced to 
a two-level factor (mixed-clone vs. single-clone infections; X2  =5.42, p<0.05). There 
was no significant difference between experimental blocks (=2.74, p>O.l) and all 
the two- and three-way interactions between the day of feed, treatment and block were 
insignificant (p>O. 1). 
The higher infectivity of mixed-clone infections to mosquitoes was less marked 
when measured as the proportion of mosquitoes infected rather than by the oocyst 
burden. This could be for two reasons. First, although these two variables are tightly 
correlated (see Figure 2.2) the relationship is non-linear. At mean oocyst burdens 
above 10, there is relatively little variation in the proportion of mosquitoes infected, but 
oocyst burdens can vary by over an order of magnitude. Second, estimates of the 
proportion of infected mosquitoes from sample sizes of around 25 mosquitoes involve 
larger errors than do estimates of oocyst burden (Medley et al. 1993). This error would 
increase within-group variance and obscure between-group differences. For these 
reasons only oocyst burden was used in the following analyses. 
(iii) Predicting transmission from blood stage infection parameters 
The results show that mixed-clone infections are more infectious to mosquitoes than are 
single-clone infections. Analyses of covariance (ANCOVA) were used to identify 
parameters of the blood stage infections that could be used to predict these patterns of 
infectivity. Log(mean oocyst burden + 1) calculated for each mouse was used as the 
response variable throughout, and this is refered to as "infectivity". 
This type of analysis is less powerful than the generalised linear models relying 
on individual mosquito data used above (Wilson and Grenfell 1997). Despite this, 
treatment effects were still evident. In experiment 1, block was just marginally 
significant (F3,20=3.05, p0.07), but treatments differed significantly (F2,22=4.08, 
p<0.05), with mixed-clone infections showing the highest oocyst burdens. In 
experiment 2, the day 14 p.i. oocyst burdens were again higher than on day 18 p.i. 
(F1 43=11.13, p<0.0 1), but after controlling for this, treatments differed significantly 
(F2,44=4.20, p<0.05) with mixed-clone infections producing higher mean oocyst 
burdens. In both experiments, no interaction terms between treatment, block and feed 
day were significant (in all cases p>O. 1). 
page 29 
Six parameters of the blood infection were calculated for each mouse. (i) The 
total number of parasites produced during the main part of the asexual infection referred 
to as "total asexuals" (see Appendix, section 2.6, for method of calculation). (ii) An 
estimate of the asexual parasitaemia 2 days prior to the feed. This was made by 
averaging the parasitaemias on the day of the feed and four days previously. (iii) 
Asexual density four days prior to the feed. (iv) Asexual parasitaemia four days prior to 
the feed. (v) Asexual parasitaemia on the day of the feed. (vi) Gametocytaemia on the 
day of the feed. Among the six parameters of the blood stage infection, only 
gametocytaemia and the asexual parasite density on the day of the feed showed 
significant correlations with infectivity (Table 2.1). These two were analysed in more 
detail to see if they could explain the observed treatment effects. 
Infectivity was positively correlated with gametocytaemia in both experiments 1 
and 2, explaining 33% and 62% of the total variance in infectivity respectively (Table 
2.1, Figure 2.7). Treatment did not account for any additional variation for either 
experiment (F 2 , 1 5=1.19, p>0.05 and F243=0.25, p>0.05, for experiments 1 and 2 
respectively). Likewise, block, day of feed and all the interactions between these, 
treatment and gametocytaemia did not explain any additional variance in infectivity 
(p>0.05 in all cases). Gametocytaemia was higher in the mixed-clone infection group 
of mice than in either of the single-clone infection groups for both experiments 
(X=15.51, p<0.001 and X=27.68, pczO.00I for experiments 1 and 2 respectively, 
Figure 2.8). 
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Gametocytaemla on day of feed 
Figure 2.7 Data from experiments 1 and 2 showing the relationship 
between infectivity and the gametocytaemia on the day of the feed. 
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Correlation with infectivity 
Parameter 	 Experiment I 	Experiment 2 
Total number of 	 F1,222.64, n.s. F144=0. 10, n.s. 
Asexuals 
Asexual parasitaemia F1,22=0.07, n.s. F144=0.48, n.s. 
4 days before the feed 
Asexual density F1,22= 1 . 37 , 	n.s. 1,44= 3 . 02 , n.s. 
4 days before the feed 
Asexual parasitaemia F 1,161.96, 	n.s. F1440.02, n.s. 
2 days before the feed 
Asexual parasitaemia F 1 ,164.41, t F143=10.51, ** 
on the day of the feed 
Gametocytaemia F1,16=5.29, * F1,44=23.24, ** 
on the day of the feed 
Table 2.1. Correlations of infectivity with blood stage infection 
parameters Summary of the analyses of covariance of infectivity (oocysts burden) 
and parameters of the blood stage infections (for statistical details, see Appendix). For 
experiment 2, the day of the feed was controlled for first, then the correlation tested. 
In no case did blocks differ, and no interactions between models terms were 




exp 1 day14 	exp 2 day14 	exp 2 day18 
Figure 2.8 Mean (+1 s.E.) gametocytaemias for the treatment groups in experiments 










Furthermore, gametocytaemia in the mixed-clone infections was significantly 
higher than the sum of the gametocytaemias of the two single-clone groups (Wilcoxon 
signed rank test, Z=2.93, p<O.Ol). On average, mixed-clone infection mice had a mean 
(± S .E.) gametocytaemia 3.3 (± 1.3) times higher than that of the sum of the two 
single-clone infections. Taken together, these analyses suggest strongly that the mixed-
clone infections are more infectious to mosquitoes due to increases in their 
gametocytaemias relative to those of the single-clone infections. 
Infectivity was strongly positively correlated with asexual parasitaemia on the 
day of the feed in experiment 2, but only marginally in experiment 1. However, the 
weaker effect in experiment 1, may have been due to the smaller sample sizes involved. 
Asexual parasitaemia explained 27% and 38% of the variance in infectivity for the two 
experiments respectively (Table 2. 1, Figure 2.9). Treatment explained no additional 
variation (F2,15=1.55, p>0.05 and F2,42=2.16, p>0.05 for experiments 1 and 2 
respectively) nor did block, day of feed or any of the interactions between these factors 
(p>0.05 in all cases). Mixed-clone infections had higher asexual parasitaemias on the 
day of the feed than single-clone infections (F2,16=5.56, p<0.05, F2,43=4.33, p<0.05 
for experiments 1 and 2 respectively). On average the mixed-clone infection mice had 
an asexual parasitaemia 4.5 times higher than that of the sum of the two single-clone 
infections. 
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Figure 29 Data from both experiment showing the relationship 
between infectivity and the asexual parasitaemia on the day of the feed. 
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2.5 DISCUSSION 
These results show that mixed-clone infections of P. chabaudi were more 
infectious to mosquitoes than single-clone infections and gave rise to more oocysts than 
the sum of the control single-clone infections. Interactions occurring between clones in 
mixed-clone infections strongly and positively affected transmission for all three 
combinations of starting inocula and feed day. Mixed-clone infections produced on 
average over seven times as many oocysts as the sum of the corresponding single-clone 
infections. In both experiments, the addition of a second clone as a minority of the 
inoculum (10%) increased the overall transmission of an infection to more than ten 
times that achieved by the initially dominant clone on its own. 
Based on ecological and evolutionary theories of competition, within-host 
interactions between clones could have lead to several different outcomes, depending 
on the mechanisms involved. 
If oocyst burden is regulated entirely by genotype-specific immune responses, no 
interactions will occur within mixed-clone infections, and the total oocyst burden from 
mixed-clone infections will be equivalent to the sum of that which each genotype would 
have produced on its own. 
If some factor acts to limit oocyst burdens, irrespective of their genotype, then 
mixed-clone infections will have transmission levels similar to those of the single-clone 
infections. 
Competitive interactions which alter asexual parasite dynamics within mixed-clone 
infections might also alter gametocyte and hence oocyst production. Increased asexual 
density, or a prolonged infection, may lead to increased transmission. 
If a genotype is suppressed by competition within a host, natural selection should 
favour variants which reallocate resources from asexual replication to gametocyte 
production. Oocyst burdens in mixed-clone infections under these circumstances 
should be higher than those from single-clone infections, and may reach levels higher 
than the sum of the two control infections. 
In these experiments, transmission from mixed-clone infections was higher 
than from the sum of the control infections, ruling out the first and second of these 
mechanisms. However, the third and fourth mechanisms are both consistent with the 
transmission levels found here. The increased infectiousness of the mixed-clone 
infections was almost certainly due to higher gametocyte densities on the day of the 
feed. There was no evidence that treatment, or the day of infection that mosquitoes fed 
on the mice, had any additional effect once gametocyte density had been controlled for, 
showing that the infectivity of gametocytes was not influenced by these factors. 
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Experiments with splenectomised rats had suggested that 
P. chabaudi 
gametocytes take four days to become functional mature (Cornelissefl & Walliker 
1985), 
but more recent work in mouse hosts has suggested it may be only two days 
(Gautret et al. 
1997). It is still unknown how long before gametocyte development is 
initiated that a parasite is committed to becoming a gametocyte. This makes it difficult 
to determine the population of asexual parasites which gave rise to the gametocytes 
transmitted to mosquitoes during these experiments. 
If conversion to functionally mature gametocytes takes around four days, then 
increased conversion rates from asexual parasites to gametocytes must have occurred in 
the mixed-clone infections. The asexual density of the mixed-clone infections four days 
before the feed was always the same as, or lower than the highest single-clone 
infection. There must therefore have been suppression of the asexual population of at 
least one of the clones. Re-allocation of resources from asexual replication to 
gametocyte production should be favoured by natural selection when asexual growth is 
limited by competition, as is thought to occur in response to drug pressure (Ramkarafl 
& Peters 1969; Ichimori et al. 1990; Buckling 
et al. 1997). If suppressed clones can 
increase their investment into gametocytes, this would explain the higher gametocyte 
density in the mixed-clone infections on the day of the feed. 
If gametocyte maturation takes around two days, another explanation is 
possible. Higher gametocyte densities may arise due to similar conversion rates as in 
single-clone infections, but from higher asexual parasitaemias in the mixed-clone 
infection mice. Asexual parasitaemia on the day of the feed correlated with infectivity, 
unlike any other measure of asexual density (Figure 2.9, Table 2. 1), which is 
consistent with this mechanism. However, rapid changes in asexual parasitaemia just 
prior to the feed would have to be assumed to explain why the predicted asexual 
parasitaemia two days prior to the feed does not correlate with infectivity. Previous 
work suggests that strain-specific immune clearance could play an important role in 
generating complex dynamics in mixed-clone infections (SnounOu 
et al. 1989; Read & 
Anwar, pers. comm.). Changes in the dynamics of the. asexual infection are predicted 
by one of the few models dealing with superinfection (Nowak and May 1994) and 
underlie presumptions about how antigenic variation prolongs infections. An analysis 
of the clonal composition of these infections should increase the 
understanding of these 
interactions. Samples suitable for genetic and i m
munological analysis were taken from 
the mice in these experiments and the results are presented elsewhere (Taylor 
et al. 
1997a, see Chapter 3). 
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(i) Implications for theory 
Recently developed models have shown that interactions between different 
parasite genotypes of the same species within a host can have important consequences 
not only for the duration and outcome of the infection (Frank 1992; Hellriegel 1992; 
Antia et al. 1996) but also for the epidemiology and evolution of the species 
(Bremermann and Pickering 1983; Nowak and May 1994; Gupta and Day 1996). 
There is a clear need to understand these interactions more fully (Schmid-Hempel & 
Koella 1994; Bull 1994; Read 1994) and they are likely to vary considerably according 
to the ecology of the host-parasite system being studied (Ewald 1995; Read 1994; May 
& Anderson 1990). However it is also clear that in no system do we understand how 
genetic variation between parasites within hosts might affect the transmission from 
them - the underlying basis of many of these models (May and Anderson 1990; Bull 
1994; Gupta and Day 1996). 
One assumption commonly used, especially in models seeking to explain levels 
of parasite virulence, is that transmission is correlated with within-host replication rate. 
For parasites in general (Bremermann and Pickering 1983, see reviews by Bull 1994; 
Frank 1996) and malaria parasites in particular (Heliriegel 1992; Gupta and Day 1996), 
it is assumed that increased within-host proliferation allows a genotype to increase its 
population size relative to within-host competitors, so that it dominates the transmission 
population from that host. The experimental data do not support this assumption: there 
was no correlation between the total number of parasites produced during the main part 
of the infection and transmission from their hosts (Table 2.1). However, there is a 
positive (albeit weak) association between asexual density on the day of the feed and 
transmission (Fable 2. 1, Figure 2.9). In all infections, the peak gametocyte densities 
were produced around day 14 post-infection. A high asexual density during this period 
could therefore be important for epidemiological persistence. If clone-specific clearance 
of parasites within the mixed-clone infections is occurring, then the initially suppressed 
clone may be able to increase its asexual density towards the end of the infection and 
might even dominate the transmission from these infections. 
Whatever the mechanism involved, at least two pressing questions arise. First, 
why are so many asexual parasites produced early in the infections if they have little 
consequence for transmission? Second, why do gametocytes in all infections constitute 
such a low proportion of all the parasites in an infection? (Taylor & Read 1997, see 
Thesis appendix). This second problem is especially acute in single-clone infections 
where gametocyte densities are demonstrably lower than they could be (Figure 2.8). 
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(ii) Relevance to the field 
In natural situations of malaria transmission, oocyst burdens very rarely reach 
the intensities seen in this experimental situation (Muirhead-Thomson 1954; Lyimo & 
Koella 1992) and instead fall nearer to the origin of figures 2.2a and b where variation 
in the mean oocyst burdens corresponds to variation in the proportion of mosquitoes 
infected. This has been shown for mosquitoes naturally infected with P. falciparum in 
Tanzania (Billingsley et al. 1994). If processes involved in determining transmission in 
the human malarias are similar to those occurring in P. chabaudi, then both the 
proportion of mosquitoes infected and their oocyst burdens would be increased from 
mixed-genotype compared to single-genotype infections. This may have important 
consequences for attempts to control malaria. For example if initial reductions in 
transmission lead to fewer mixed-genotype infections in a population, then the average 
transmission level from future infections may become reduced even further. This self-
reinforcing process could also work in reverse if changing environmental conditions 




Estimating k of the negative binomial distribution. GLIM macros 
were used to estimate k for oocysts derived from individual mice using maximum-
likelihood (Crawley 1993). Mice where fewer than two mosquitoes became infected 
were excluded, and the rest (18 and 24 for experiment 1 and 2 respectively) averaged to 
give a mean k value for each experiment. GLIM macros were also used to specify the 
negative binomial error structure in log-linear models (Crawley 1993). 
Total asexual data. These were calculated for each mouse individually by 
calculating the area under the curve of asexual density through time between days 4 and 
10 p.i. (for mice fed on day 14 p.i.) or days 4 and 14 p.i. (for mice fed on day 18 
p.i.). As P. chabaudi replicates once every 24 hours, this represents a reasonable 
approximation to the total number of asexuals produced during this period of infection. 
Oocyst burdens. Oocyst burdens from each mosquito were used in 
generalised linear models with negative binomial error structures. All factors and their 
interactions were fitted to the model, with 'mouse' added last as a nested factor. Where 
interaction terms were sufficiently insignificant, (Sokal & Rolf 1981, p285) their mean 
squares were combined with the nested mouse term and used as the error term. This 
results in the total degrees of freedom for the analysis equalling the number of mice in 
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the experiment minus one, thus avoiding problems of pseudoreplication. Significance 
of the remaining effects in these models was assessed by calculating an F-ratio from the 
change in deviance per degree of freedom divided by the residual mean square deviance 
as terms were removed from the minimal model (Crawley 1993). 
Proportion data. For the proportion of mosquitoes infected, general linear 
models with binomial error structures were used, together with William's correction for 
overdispersion (Crawley 1993). After correction, changes in residual variance were 
tested using the Chi- squared distribution with corresponding degrees of freedom. 
Where proportion data was used as a predictor variable (eg. asexual parasitaemia, 
gametocytaemia), it was fitted as arcsine(square-root(p)), where p is the untransformed 
proportion. 
Mean oocyst burdens produced by individual mice. Negative 
binomial models (with the appropriate k value for the experiment) were fitted to the 
oocyst burden per mosquito data with each mouse as a separate factor level. This gave 
the mean oocyst burden produced in a mosquito fed on each mouse. After adding one 
to these measures of mean oocyst burden, they were logio transformed and used in the 
analyses of covariance. 
Mixed-clone infections verses the sum of the controls. Two mice 
were inoculated with each treatment four times during experiment 1 and four times for 
each of the two feeds in experiment 2. This allows 12 independent comparisons to be 
made between the mixed-clone infections and the sum of the two single-clone 
infections initiated at the same time. First, the relevant parameters (mean oocyst 
burdens or gametocytaemias) for the two mice in each of the three treatment groups 
were averaged for each comparison separately. The averages for the CR and ER 
infection groups for each comparison were then summed to give an estimate of the 
expected transmission assuming no interaction between clones. This estimate of 
expected transmission was compared to the actual transmission from the mixed-clone 
infections for the same comparison using a Wilcoxon-Sign Rank Test. 
Correlations with blood stage parameters. Initial ANCOVAs were 
performed with Iogio(mean oocyst burden + 1), calculated as above, as the response 
variable. In the detailed analyses of the relationship between gametocyte and asexual 
densities, all possible interactions between feed day, block, treatment, and the 
particular asexual parameter were included in a general linear model. Then, beginning 
with the maximal model, stepwise omission of non-significant factors was used, 
leaving treatment and the blood stage parameter until last (Crawley 1993). Effectively 
this tests for additional significant effects of treatment above the blood stage parameter. 
The results presented are the minimal model explaining infectivity in each case. The 
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residuals after each minimal model had been fitted were examined to ensure the data 
conformed to assumptions of normality and homogeneity of variance. 
Missing data points. During the course of the experiments three mice died. 
In experiment 1, one mixed-clone infection mouse in experiment 1 and one ER mouse 
in experiment 2 died during feeds on day 14 P.1.  and one CR mouse in experiment 2 
(due to be fed on day 18 p.1.)  died on day 13. As there was no evidence of abnormal 
infections in these mice, they were included in the analyses of data up to the point that 
they died. For the first block of experiment 1 blood smears were not taken prior to the 
feed, so measurements of the asexual parasitaemias and gametocytaemias on the day of 
the feed for these mice are not available. 
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Chapter 3 
Mixed-genotype infections of malaria parasites: within-host 
dynamics and transmission success of competing clones 
3.1 ABSTRACT 
Mixed-genotype infections of microparasites are common, but almost nothing 
is known of how competitive interactions within hosts affect the subsequent 
transmission success of individual genotypes. Changes in the composition of mixed 
infections of the rodent malaria Plasmodium chabaudi clones CR and ER were 
investigated using monoclonal antibody analysis of the asexual infection in mice and 
by PCR amplification of clone-specific alleles in oocysts sampled from mosquitoes fed 
on these mice. Mixed-clone infections were initiated with a 9:1 ratio of the two clones, 
with ER as the minority in the first experiment and CR the minority in the second. 
When beginning as the majority, clones achieved parasite densities in mice 
comparable to those achieved in control (single-clone) infections. When they began as 
the minority, clones were suppressed to less than 10% of control parasitaemias during 
the early part of infections. However, in mosquitoes, the frequency of the initially rare 
clone was substantially greater than it was in mice at the start of the infection or four 
days prior to the feed. In both experiments, the minority clone in the inocula produced 
as many oocysts or more than it did as a single-clone infection. These experiments 
show that asexual dominance during most of the infection is poorly correlated to 
transmission probability, and therefore that the assumption that within-host population 
size correlates to transmission probability may not be warranted. They also raise the 
fundamental question of why transmission rates of individual genotypes are often 
higher from mixed-clone than single-clone infections. 
3.2 INTRODUCTION 
In many microparasitic diseases, genetic diversity in parasite populations 
within single hosts is common. This can arise because of coinfection, superinfection or 
somatic mutation during the course of the infection. A considerable body of theory 
suggests that where different parasite genotypes are interacting with each other and 
with the immune system of the host, the outcome of the infection, the epidemiology of 
the disease and the evolution of the parasite species can all be altered. Length of 
infection and density of parasites (and presumably therefore the severity of symptoms) 
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can both be increased in mixed infections (Heliriegel 1992; Antia et al. 1996). Parasite 
genotypes that transmit to other hosts are thought to be those that succeed in 
competitive situations (Bremermann and Thieme 1989), which will ultimately affect the 
evolution of characteristics such as growth rate and virulence (Levin and Pimentel 
1981; Nowak and May 1994; reviewed by Bull 1994; Ebert & Herre 1996; Frank 
1996). However, as several authors have pointed out, our theoretical understanding of 
interactions within mixed infections has far outstripped our knowledge of the facts, so 
that most of the assumptions of these models remain untested (May and Anderson 
1990; Bull 1994; Gupta and Day 1996). 
Remarkably few experiments have tested whether competitive interactions do 
occur between different strains or clones of the same parasite species (Seed 1978; 
Snounou et al. 1992; Read and Anwar in prep.). These have shown that the infection 
course of one strain is altered by the presence of another sharing the same host, 
suggesting that infection dynamics are not regulated entirely by strain-specific immune 
responses. Only one study has addressed how transmission from mixed infections 
might be altered (Nakamura et al. 1992). This showed that the relative transmission of 
two lines of Eimeria tenella from mixed infections was very different from that from 
single-line infections. None of these experimental studies examined directly whether 
transmission rates were correlated with within-host replication rates, an assumption 
common to many models (eg. Bremermann and Pickering 1983; Gupta and Day 1996 
and reviews by Bull 1994; Frank 1996). Unless we understand which model 
assumptions are most realistic, there is little hope of deciding how best to control 
parasitic diseases, or of predicting how selection imposed by control measures will act 
on within-host life history strategies or virulence (Read 1994). In particular, almost 
nothing is known of the critical link between interactions within hosts and the 
subsequent transmission success of individual genotypes. Here, using immunological 
and genetic analyses of mixed infections of a rodent malaria, Plasmodium chabaudi, in 
laboratory mice, an attempt was made to rectify this. 
In P. chabaudi, haploid asexual parasites circulate in the blood stream of the 
mouse, dividing every 24 hours. A typical infection in the mouse strain used here has a 
peak asexual parasitaemia around day 8 post infection (p.i.), with up to 40% of red 
blood cells being infected. Host immune responses (eg. Langhorne et al. 1990) and 
probably also resource limitation (Richie 1988) such as red blood cell shortages (Yap 
& Stevenson 1994; Hetzel & Anderson 1996), reduce the infection dramatically by day 
14 when only a few percent of red blood cells are infected. A parasite which has 
recently invaded a new red blood cell can develop into another asexually replicating 
stage, or into a sexual gametocyte. Gametocytes are the only blood stage parasites able 
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to infect the mosquito vector. The bulk of gametocyte production occurs after the peak 
of asexual parasitaemia (Wery 1968; Buckling et al. 1997). In experiments initiated 
with the number of parasites used here, very few gametocytes are produced before day 
12 of the infection, maximum densities occur around day 14, and decrease dramatically 
by day 18. When taken up by the vector, gametocytes rapidly mature into gametes, 
which fuse to form diploid zygotes. These zygotes exist only briefly, before meiosis 
and replication resulting in many haploid sporozoites occurs. All the haploid progeny 
of a zygote are held together in an oocyst during this multiplication phase. By 
dissecting mosquitoes 8 to 9 days after they were fed on an infective mouse, oocyst 
numbers can be counted to assess transmission intensity. 
In the experiments presented here, the success of two clones of P. chabaudi, 
denoted CR and ER, introduced into mice as a mixed infection was assessed. Previous 
work has shown that where one clone is dominant in the inoculum very marked 
alterations of the asexual population dynamics of the minority clone can occur (Read 
and Anwar, in prep.). The mixed infections were therefore initiated with 1:9 and 9:1 
ratios of the two clones. Transmission from the resulting infections was compared to 
that from control single-clone infections which received the number of CR or ER 
parasites used in the mixed infections. As reported elsewhere (Taylor et al. 1997b, see 
Chapter 2), these mixed infections were more infectious to mosquitoes than were 
single-clone infections because gametocyte densities were higher. 
Here the performance of the two clones individually within the mixed 
infections was examined. P. chabaudi clones are morphologically indistinguishable, 
but can be discriminated using immunological and genetic techniques (Ranford-
Cartwright et al. 1991; McLean et al. 1991). Asexual parasites of the two clones 
possess different alleles of the merozoite surface protein 1 (MS P- 1) gene. These can be 
differentiated in the blood stages by allele-specific monoclonal antibodies linked to 
fluorescent markers, and in the oocysts by the production of different sized fragments 
after PCR amplification. Using these markers, the course of infection of each clone in 
mixed infections in mice was followed, and in the oocyst populations formed after 
mosquitoes had fed on them. The infection dynamics of each parasite clone in a mixed 
infection could then be compared with their dynamics when the same number of 
parasites were inoculated into a host on their own. These data allowed us to assess 
whether competitive interactions occurred between the clones in the mixed infections 
and to assess whether these interactions affected the transmission from the infections. 
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3.3 MATERIALS AND METHODS 
Parasites, mice and mosquitoes 
Two cloned lines of P. chabaudi denoted CR and ER (Beale et al. 1978), from 
the WHO Registry of Standard Malaria Parasites, Edinburgh University, were used. 
The mouse hosts were male C57BL/6J/Ola mice (Harlan, England). P. chabaudi is 
usually non-lethal to this strain (Stevenson et al. 1982). Mice were fed on SDS rat and 
mouse maintenance diet. Drinking water was supplemented with 0.05% para-amino 
benzoic acid (PABA) to enhance parasite growth. Artificial illumination was provided 
from 7:00 to 19:00 hours. The mosquito host was Anopheles stephensi, maintained at 
25-28 0C and 70-80% humidity, fed on 10% glucose in water supplemented with 
0.05% PABA. 
Inoculation of mice with standard numbers of parasites 
Parasite densities of C571B116J/Ola mice infected with CR or ER parasites were 
determined from Giemsa-stained thin blood smears and red blood cell counts made 
using flow cytometly (Coulter Electronics). Blood from these infected mice was 
diluted in calf serum-Ringer solution (50% heat-inactivated calf serum, 50% ringer 
solution (27mM KC1, 27mM CaC12, 0.15M NaCl), 20 units heparin per ml mouse 
blood) to give initial dilutions of the two parasite clones. These were then further 
diluted with calf serum-Ringer solution, or mixed together to give the required number 
of parasites in a 0.1 ml inoculum (see experimental design below and Figure 2.1). 
Infections were initiated by intra-peritoneal injection, from where parasites are taken up 
into the bloodstream. 
Parasite counts and mosquito feeds 
The density of asexual parasites (number of asexual parasites per ml of blood) 
was calculated from thin blood smears and red blood cell counts taken between 17:45 
and 18:15 hours on selected days (see experimental design below). To sample 
transmission, five-day old Anopheles stephensi, starved for the previous 48 hours, 
were then allowed to feed on the mice for 20 to 30 minutes. Unfed mosquitoes were 
discarded, and the remainder were dissected 8 to 10 days later to obtain counts of the 
number of oocysts on each mosquito midgut. Single oocysts were dissected from the 
midguts of infected mosquitoes using finely pointed disposable microcapillary tubes 
(Ranford-Cartwright et al. 1991). This was done at random, with oocysts being 
dissected from a representative set of both heavily infected and more lightly infected 
mosquitoes. The oocysts were put into tubes containing 50j.tl of oocyst lysis buffer 
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(100mM NaCl, 25mM EDTA pH8.0, 10mM Tris-HC1 pH8.8, 0.5% Sarkosyl, 
lmg/ml Proteinase K), placed at 55°C for one hour and then stored at -20°C. 
Immuno-fluorescence testing of MSP4 alleles in asexual parasites 
The monoclonal antibodies (Mabs) used were B18 (IgG3, Boyle et al. 1982) 
and H2 (IgG2b, Hamers-Casterman, unpublished) which react specifically to clones 
CR and ER respectively (McLean et al. 1991) were used. Before use, each Mab was 
diluted 1:1000 in phosphate buffered saline (PBS) containing 1% bovine serum 
albumin and 0.1% sodium azide. The protocol is based on those used by Bruce et al. 
(1990) and McLean et al. (1991) and is briefly as follows. 10tl of infected mouse 
blood was diluted in lOOjil PBS (pH7.4), mixed thoroughly and kept on ice. Blood 
cells were rinsed 5 times by centrifugation and PBS washes, then pipetted onto 
multispot slides (Henley-Essex). These were dried and stored desiccated at -20°C. 
Before processing, slides were warmed to room temperature in a dessicated 
environment. A mixed antibody preparation (1:1 mixture of diluted B 18 and H2) and a 
mixed conjugate preparation (1:1 mixture of fluorescein (F1TC)-labelled goat anti-
mouse IgG3 and rhodamine (TR1TC)-labelled goat anti-mouse IgG2b, both from 
Southern Biotechnology Associates Inc. and diluted 1:100 in PBS) were made. 
Slides were fixed with acetone for 5 mm. 25p1 antibody preparation was added 
to each well and incubated at room temperature for 30 mm. Wells were rinsed 3 times 
with PBS and 15il conjugate added and incubated for 30 mm, before being rinsed 
with PBS 3 times and PBS/GlycerolIDABCO (50% PBS, 50% Glycerol, 25mg/mi 
1 ,5-Diazabicyclo[2,2,2]octane) used to mount a coverslip. Under fluorescence 
microscopy the two clones gave off different coloured signals, allowing the ratio of the 
two in mixed infections to be calculated. An average of 433 asexual parasites 
(minimum 278) were counted for each sample to obtain a ratio. Bias in these ratios 
caused by the unequal affinities of the two monoclonal antibodies or unequal 
production of the target molecule by the two clones was controlled for as detailed in the 
appendix to this chapter, section 3.6. 
PCR typing of MSP-1 in oocysts 
Individual oocyst samples were thawed and DNA prepared from them using 
the phenol: chloroform technique of Ranford-Cartwright et al. (1991). The variable 
region I of the MSP-1 gene (Deleersnijder et al. 1991; McKean et al. 1993) was 
amplified using the nested PCR technique. The primers were prepared by Oswel DNA 
service, Edinburgh with the sequences 5'-TTAAAGAAGAACGAAGCC-3' and 5'-
CTAATFCAAC]GGATCGAC-3' (outer) and 5'-GTFACAACAAATCGAAGCT-3' 
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and 5'-TTGAGCATAAAGTTCAGC-3' (inner). l.ii of DNA from single oocysts was 
amplified by PCR in 20p1 reactions containing 1 xbuffer (GibcoBRL), 1.5mM M902, 
100nM of each primer (50nM for the outer PCR), 75pM dATP, 75pM dTFP and 
751tM dCTP, 651iM dGTP, 10pM 7-deaza-2'-deoxyguanosine (c 7dGTP) and 1 unit 
Taq DNA polymerase (Gibco BRL). Outer PCRs were layered with mineral oil and 
subjected to 25 cycles of 94°C 30secs, 58°C 30secs, 70°C 30secs then 70°C for 10 
mm. 1 .2jil of this product was added to a 20p1 inner reaction, covered with mineral oil 
and subjected to 30 cycles of 94°C 30secs, 55°C 30secs, 70°C 30secs then 70°C for 10 
mm. Products were visualised on 2% agarose with TBE gels stained with ethidium 
bromide. The two clones produced distinct bands on these gels; ER alleles produced a 
band of 359 bp and CR alleles a band of approximately 340 bp. 
An average (± S.E.) of 17.7 (± 6.94) oocysts (equivalent to 36 alleles) were 
dissected at random from the mosquitoes which had been allowed to feed on each 
mixed infection mouse, and analysed by PCR. 
(vi) Experimental design 
Two experiments were conducted. In experiment 1, the mixed-clone infection 
group had an initial inoculum of 9x 1 0 CR+IX105 ER while the CR and ER control 
infection groups were given 9x10 5 CR or lx 105 ER P. chabaudi parasites respectively 
(Figure 2.1 in Chapter 2). Two mice per treatment group (three groups, as above) 
were infected in each of four replicate experimental blocks, to give a total of 24 mice in 
experiment 1. Asexual parasite density was measured between 17:45 and 18:15 hours 
on day 10 p.i. and slides for monoclonal antibody analysis prepared. Mosquitoes were 
allowed to feed on all mice on day 14 p.i. Between eight and nine days after the feed, 
mosquitoes were dissected to assess transmission intensity and samples stored for 
PCR analysis. 
Experiment 2 was similar to experiment 1, except that the relative abundances 
of the two clones were reversed and additional mice were infected to allow a second 
mosquito feed. The three treatment groups had initial inocula of lx i0 CR + 9x10 5 
ER, 1x105 CR or 9x105 ER parasites. Again, four replicate experimental blocks were 
carried out, this time with four mice per treatment group, so that there were a total of 
48 mice in experiment 2. Slides (to determine asexual parasite density and for 
monoclonal antibody analysis) were prepared from half of the mice in each treatment 
group on day 10 p.i. and mosquitoes allowed to feed on these mice on day 14 p.i.. 
The remaining mice were sampled for monoclonal antibody analysis on day 14 p.i. and 
mosquitoes were allowed to feed on them on day 18 p.i.. Samples of oocysts for PCR 
analysis were stored as in experiment 1. 
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(vii) Analysis 
To analyse the ratios of the two clones in the asexual and oocyst populations, 
generalised linear models with binomial error structures were fitted to counts of the CR 
alleles and total alleles sampled from each mouse (Crawley 1993). For asexual 
parasites, one allele represented one haploid asexual parasite counted. For the 
transmission stages it represented one of the two alleles identified by PCR in a single 
oocyst (ie. the equivalent of one successful gamete). A mean and 95% confidence 
intervals were calculated for the eight mice in each group of mixed infections, one from 
experiment 1, and one for each of the two mixed-infection feed groups in experiment 
2. 
The relative success of the clones in mixed-clone and single-clone infections 
was analysed as follows. The asexual density for each mixed infection mouse was 
multiplied by the relevant ratio of the two clones as determined from monoclonal 
analysis of that infection. This determined the asexual densities attributable to the CR 
and ER clones separately. Similarly, the mean number of oocysts per gut derived from 
each of the mixed infection mice was multiplied by the ratio of the two clones obtained 
by PCR analysis of the oocysts for that mouse. This gave the contribution to the 
oocyst populations attributable to each clone. All these values were then logio 
transformed (adding one to mean oocyst counts to allow zero values to be analysed) to 
give a normal error distribution for statistical analysis. 
For each experiment and sampling point, the asexual or oocyst population 
densities of CR and ER in the mixed infections were compared to those in the 
corresponding single-clone control infections using t-tests. The four blocks were 
combined to give eight mice in each of the mixed and single-clone infection groups, 
and the significance of differences between the two treatments assessed. Ratios of the 
mean population sizes in the mixed infections to the mean population sizes in the 
control infections were calculated from the untransformed data to represent these 
results graphically. Following this, ANOVAs were carried out to assess the 
significance of differences between blocks within each experiment. However, as the 
sample sizes per block were small, significant interaction terms must be interpreted 
with caution. 
In order to account for any error involved in estimating the clonal ratios for 
individual mice the results of these analyses were confirmed as follows. All analyses 
were repeated using the mean proportions of CR across the eight mixed infection mice 
fed at that time, and also the upper and lower 95% confidence intervals of this mean. 
None of these changes altered the conclusions (analyses not presented). 
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3.4 RESULTS 
Total parasite numbers 
A full analysis of total asexual parasite and oocyst numbers has already been 
presented (Chapter 2, Taylor et al. 1997b). Briefly, in both experiments, mixed-clone 
infections produced higher oocyst burdens than the sum of the two corresponding 
control groups. Similarly, gametocyte densities in mixed infections on the day of the 
feed were significantly higher than the corresponding sum of the CR and ER control 
infections, and probably account for this difference. Oocyst burdens following the day 
14 p.i. feed in the two experiments were similar, but in experiment 2, burdens 
following the day 18 p.i. feed were only about 10% of those on day 14 p.i.. 
Hardy-Weinberg equilibrium in oocysts derived from mixed 
infections 
When mosquitoes took a blood meal from mixed infection mice, both self-
fertilisation and cross-fertilisation was expected to occur, resulting in homozygote and 
heterozygote oocysts respectively. If random mating between the gametes of the two 
clones occurred, alleles in the oocysts derived from the mixed infections should 
conform to Hardy-Weinberg equilibrium. This was the case for each of the three feeds 
(=0.36, X=0.06, y=0.54 for experiment 1, experiment 2 day 14 and experiment 
2 day 18 feeds respectively, in all cases p>0.5). 
Relative frequencies of the two clones in mixed infections 
In experiment 1, ER constituted 10% of the inocula of the mixed infections. On 
day 10 p.i., just after peak asexual parasitaemia, this had risen to 22%. However, in 
mosquitoes fed on the infection 4 days later, 78% of the alleles of the oocysts were 
derived from the ER clone (Figure 3.1a). 
In experiment 2, the CR clone, which comprised 10% of the initial inoculum, 
had increased to 14% of the infection on day 10 p.i. and to 41% on day 14 p.i.. 
Oocysts which developed in mosquitoes fed on day 14 p.i. contained 34% CR alleles, 
and those in mosquitoes fed on day 18 p.i. showed that 86% of the successful gametes 
were derived from the CR clone (Figure 3. lb). 
None of these ratios differed significantly between the blocks of the 
experiments, except for the proportion of ER in the oocysts of experiment 1 (all others 
p>O.1). Mosquitoes allowed to feed on mixed infections in block 2 of experiment 1 
had a higher proportion of CR than those allowed to feed on mixed infections in the 
other three blocks (36.2% compared to 17.3, 17.6% and 19.3%, 'X
2 =7.89, p<0.05). 
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Figure 3.1 Clonal composition at sampling points throughout the mixed 
infections in (a) experiment 1 and (b) experiment 2. The error bars are 95% 
confidence intervals. Days refer to the day post infection of the mice in all cases 
(day 0 values represent the starting inocula). 
(iv) Relative success of clones in mixed- and single-clone infections 
(a) Asexual populations 
In experiment 1, clone ER was suppressed within the mixed-clone infections, 
relative to the control ER infections initiated with the same number of parasites 
414=2.67 p<0.05) having on average 9.6% of the asexual density of the ER control 
infections on day 10 p.i. (Figure 3.2a). This effect varied significantly between blocks 
(F3,8=10.17, p<O.Ol). Suppression within the mixed infections occurred in three of 
the four blocks (where ER asexual densities in the mixed infections ranged from 54% 
to 1% of the control ER infections), and ER produced the same asexual density in 
mixed-clone and single-clone infections in the fourth block. At the same time, the mean 
asexual density of the other clone, CR, across all mice was unaltered in the mixed-
clone compared to the single-clone control infections 414=038 p>0.2, Figure 3.2a). 
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However, the relative success of CR in mixed and single-clone infections varied 
significantly between blocks (F3,8=7.64, p<O.Ol), with suppression of CR within the 
mixed infections occurring in one of the four blocks. 
In experiment 2, when the CR asexual densities in the CR control mice were 
compared with those in mixed infections on day 10 p.i., the initially rare clone was 
again suppressed in the mixed infection 014=7.63 p<0.0001, Figure 3.2b). As part of 
the mixed-clone infection CR achieved only 3% of the density it could have achieved if 
ER were not present in the same host. The extent of this suppression varied 
significantly between blocks (F3,8=7.18, p<0.05), but all four blocks showed high 
levels of suppression (CR densities in the mixed infections ranged from 14% to less 
than 1% of the control infections). ER, the majority clone in the inoculum, had similar 
densities in mixed- and single-clone infections 014=0.20, p>.0.5), and there was no 
evidence that this result varied between blocks (F3,8=1.20, p>0.2). 
By day 14 p.i. of experiment 2, asexual densities of ER and CR were not 
significantly different between the mixed and control groups 414=0.65, p>0.5 and 
t13=0.33, p>0.5 respectively, Figure 3.2b). For the CR relative successes there was a 
marginally significant difference between blocks (F3,7=4.27, p0.07), with 
suppression within the mixed infections occurring in two out of four blocks. There 
was no evidence of similar processes occurring for the ER populations (F3,8=0.30, 
p>0.5). 
(b) Transmission (oocyst) populations 
In experiment 1, the number of oocysts derived from the CR clone was similar 
in single-clone and mixed-clone infections 413=0.06 p>0.5). However, the ER clone 
produced more oocysts in mosquitoes fed on the mixed infections than in those fed on 
the single-clone infections 013=155 p<O.Ol). On average, mixed infections produced 
26 times as many successful ER gametes as those in the ER control mice (Figure 
3.2a).There was no evidence of significant differences in the relative success of the 
clones between blocks (for both clones, p  >0.5). 
In experiment 2, transmission of clone CR on day 14 p.i. was not altered 
relative to the control 414=0.94, p>0.2), but ER had higher transmission success from 
mixed infections than it did from single-clone infections 014=2.56, p<0.05). ER 
oocyst burdens were on average 4.4 times higher from the mixed infections than from 
the control infections (Figure 3.2b). There was no evidence that the relative 
transmission success of either clone differed significantly between blocks (in both 
cases p>0.2). 
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Figure 3.2 Population sizes of the two clones within the mixed infections 
relative to the single-clone controls for (a) experiment 1 and (b) experiment 2. 
The horizontal line represents the situation where a clone has equal population 
sizes in mixed and single-clone infections. Days refer to the day post 
infection of the mice in all cases (day 0 values represents the starting inocula). 
The mean oocyst burden produced from the mixed infections was similar for 
both day 14 feeds (70.9 and 79.0 oocysts per mosquito for experiments 1 
and 2 respectively), but much lower for the day 18 feed in experiment 2 ( 5.9 
oocysts per mosquito). * Denotes a significant difference in the population 
of a clone in the mixed and single-clone infections. 
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Oocyst burdens following the day 18 p.i. feed were low for all three groups of 
mice, and differences between mixed and control infections in the transmission 
successes of neither clone was significant 013=039, p>0.5 for ER and t13= 1.43, 
p>O.l for CR). However, CR within the mixed infection produced on average 5.2 
times as many oocysts as in the single-clone control infections (Figure 3.2b). Again 
there was no evidence of significant differences in the relative transmission success of 
the clones between blocks (p in both cases >0.5). 
3.5 DISCUSSION 
Mathematical models of mixed parasitic infections predict very complex 
dynamics, both over the course of an infection (Heliriegel 1992; Antia et al. 1996), and 
over evolutionary timescales (Levin and Pimentel 1981; Nowak and May 1994). The 
results presented here show that the relative frequency of two competing clones can 
alter dramatically over the course of an infection, and that the relative frequency of 
transmitted genotypes can be very different from that at the start of an infection. 
The presence of a more numerous competitor in the inoculum suppressed the 
parasitaemia of the initially rare clone in both experiments, whereas initially dominant 
clones achieved parasitaemias comparable to control infections. The mechanism by 
which this suppression occurs is unclear, but competition for red blood cells and 
nutrients can limit total parasite densities (Hellriegel 1992; Gravenor et al. 1995; Hetzel 
and Anderson 1996; Yap and Stevenson 1994), as can non-specific host responses 
(Richie 1988). During the initial rise in parasite numbers, the ratio of the two clones 
remains approximately the same as the starting inocula in both experiments. This 
suggests that direct interference between the two clones was not occurring, but that 
factors limiting total parasite densities resulted in suppression of the minority clone 
relative to its control infection (resource competition or immune-mediated apparent 
competition sensu Bolt 1977). The rate at which an initially rare clone is able to 
increase in frequency within mixed infections probably depends on the relative 
competitive abilities of the clones, their growth rates and the relative strengths of 
strain-specific immunity induced in the host. Of the two clones used here, ER seems to 
be able to increase its representation the fastest (Figure 3.1). 
Within-host population sizes for the main part of the infection poorly predicted 
transmission success (Figure 3.1). Relative frequencies of the genotypes in oocysts 
were not directly related to their starting inocula, and could not be predicted from the 
asexual composition of the infection four days prior to the feed. All three groups of 
mice showed that the initially rare clone increased its representation (percentage of all 
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parasites) in the oocyst population dramatically relative to its frequency in the asexual 
population four days earlier. In all experiments the clone introduced as the minority of 
a mixed infection produced as many oocysts or more than it did as a single-clone 
infection (Figure 3.2). When ER was the initially rare clone, for example, its 
transmission was 20-fold higher than that which it achieved as a single-clone infection. 
Transmission was assayed at specific time points, rather than throughout the 
infections. Nevertheless, density on day 14 p.i. is probably a reasonable 
approximation to total transmission: gametocytes are produced for only a short period 
during P. chabaudi infections in mice, with very low densities prior to day 12 p.i. and 
from day 18 p.i. onwards (Read and Anwar in prep.; Buckling et al. 1997). 
These results do not support the assumption made in many models of virulence 
(eg. May and Anderson 1990; Gupta and Day 1996; see reviews by Bull 1994; Frank 
1996) that within-host replication rate is directly correlated with transmission from the 
infection. ER forms the majority of the transmission on day 14 of both experiments, 
despite starting as the minority of the mixed infection in the first and the majority in the 
second. Furthermore, in the experiment 1 feed and the day 18 feed in experiment 2, the 
initially rare clone which was heavily suppressed in the early stages of the mixed 
infection contributed the majority of the transmission population. This situation of 
'coinfection' is more complex than that assumed by some current models dealing with 
'superinfection', where a superior competitor takes over a host to exclude the other 
from transmission altogether (Levin and Pimentel 1981; Bremermann and Thieme 
1989; Nowak and May 1994). In all three feeds, both clones contributed to the 
transmission population, with random mating occurring between the gametocytes of 
the two clones as has previously been observed for P. falciparum (Ranford-Cartwright 
et al. 1993) and P. vivax (Rosenberg et al. 1992). 
There are at least two explanations for the dramatic differences in relative 
frequency of the two clones in the transmission population and in the asexual 
population four days earlier. First, there may be changes in the gametocyte conversion 
rate of the parasites within the mixed infections. Previous work using P. chabaudi in 
splenectomised rats indicated that gametocytes of P. chabaudi take 4 days to mature 
(Cornelissen and Walliker 1985). If this is the case in mice, oocysts sampled from a 
feed would be derived from gametocytes whose development was initiated four days 
previously. This assumption was the basis of the sampling regime in these 
experiments. If it is correct, the initially rare clone (which was heavily suppressed 
within mixed infections) must have produced a higher number of gametocytes, and 
hence oocysts, per asexual parasite than the initially dominant clone. Such a result 
could be predicted from life history theory where an organism being suppressed in one 
(1 
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type of development (here, asexual proliferation) should divert resources to another, 
such as transmission stage production (Stearns 1992; Buckling etal. 1997). 
Second, there may be marked alterations in parasite density and clonal 
composition between these two timepoints, with gametocyte density of each clone 
correlated with its asexual density. Very recently it has been suggested, in mice, that 
gametocytes of P. chabaudi could take only 48 hours to develop from merozoite to full 
maturity (Gautret et al. 1997). As gametocyte development appears to be decided 
before the merozoite invades a new red blood cell (Bruce et al. 1990), it is still not 
clear exactly how long the period between commitment to gametocyte development and 
functional maturity may be. If this period is around two days, the composition of the 
gametocyte (and hence oocyst) populations would reflect the composition of, the 
asexual populations fewer than four days prior to the feed. Strain-specific immune 
clearance might allow the initially rare clone to dominate the asexual population later in 
the infection when conversion to transmission stages occurs, and hence to increase 
transmission. Rapid changes in the genotypic composition of asexual populations can 
occur in P. falciparum infected humans (Daubersies et al. 1996) and in P. chabaudi 
infected mice (Read and Anwar, in prep.). Such changes in asexual dynamics are 
unlikely to be absolutely synchronous between mice, and could therefore contribute to 
variation between blocks in the clonal composition of the asexual population. 
It is not possible to formally rule out either explanation with this data, but the 
second experiment gives some insight. On day 14 p.i., the clonal frequencies in the 
asexual populations are remarkably similar to those found in mosquitoes fed that day 
(Figure 3.1b), perhaps most consistent with the second explanation. In any case, it 
seems likely that ER was a superior competitor and was consequently able to dominate 
the asexuals of the mixed infections on day 14 p.i. in both experiments, and that the 
higher transmission results from this. Clone CR also managed to dominate the 
transmission population in experiment 2, but not until day 18 p.i.. This suggests that 
dominance of the initially rare clone later in infections may be a general phenomenon, 
but with the precise timing determined by differences in competitive ability between the 
clones. 
The results show that a clone can produce as many or more oocysts when it is 
the initially rare clone in a mixed infection as when it is infecting a host on its own. If 
initially rare clones can increase transmission by having a later peak of infection, then 
why do they not do this in single-clone infections? Part of the answer may relate to the 
ecology of P. chabaudi in its natural host, Thamnomys ruffians where it is described as 
a persistent, chronic infection (Landau and Chabaud 1994), with many hosts 
harbouring more than one genotype (Carter 1978, Beale et al. 1978). Mixed infections 
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of the human malaria P. falciparum are also common (Creasey et al. 1990; Day et al. 
1992). It may be that malaria parasites have evolved to maximise transmission from 
mixed-genotype infections. The fact that asexual success does not correlate with 
increased transmission begs the question of why parasites produce such a large 
population of apparently functionless asexuals in both single and mixed infections 
(Taylor and Read 1997, see Thesis Appendix). 
3.6 APPENDIX 
Controlling for differential affinity of monoclonal antibodies 
Two factors could produce a biased estimate of the ratio of the two clones 
assessed by immuno-fluorescent antibodies. The antibodies may vary in their affinities 
to their respective protein targets, or the expression of the target antigen may vary 
between clones. Differences between clones in the timing of schizogony, and hence the 
expression of the target antigen MSP- 1, have been observed in P. chabaudi (McLean 
1986). 
To control for any such biases, mixtures were constructed and analysed as 
follows. Appropriate volumes of blood from mice infected with known parasitaemias 
of the CR or ER clones were pooled to give 11 mixtures ranging from 5% to 95% ER. 
These mixtures were rinsed 5 times in PBS and pipetted onto multispot slides as with 
the experimental samples. The protocol detailed in the methods section was repeated 
exactly on these control mixtures. Control mixture slides were made on three separate 
occasions. All ratios were counted from examination of these slides under UV light 
were plotted against the true (known) ratio of the parasite clones in the mixture. The 
results show a higher affinity of the H2 monoclonal antibody (binding to ER) relative 
to B 18 (binding to CR), leading to an overestimated proportion of ER parasites (see 
figure 3.3). The equation for the least squares best fit line through all datapoints and 
forced through the points 0,0 and 1,1 was then obtained. The counts of parasites 
obtained from the experimental mouse blood samples were adjusted for the slight bias 
in affinity using this fitted equation (actual proportion ER = x + 0.4465x (x - 1), where 
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Figure 3.3 	Controlling for differential affinity of two monoclonal 
antibodies. Observed against true proportions of ER for the three sets of 
artificial mixtures. The fitted line has the equation y = x + 04465 x (x - 1). 
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Chapter 4 
Virulence of mixed-clone and single-clone infections of the 
rodent malaria Plasmodium chabaudi 
4.1 ABSTRACT 
Many evolutionary models which treat virulence as an unavoidable 
consequence of microparasite replication have predicted that in mixed genotype 
infections, natural selection should favour higher levels of virulence than is optimal in 
genetically uniform infections. Here the prediction that virulence is facultatively 
increased in the presence of competing genotypes and the assumption that this is due to 
conditional increases in parasite replication rates are tested. Two groups of mice were 
infected with one of two clones of Plasmodium chabaudi parasites, and three groups of 
mice with 1:9, 5:5 or 9:1 mixtures of the same two clones. All infections were initiated 
with a total of 105 parasites. Virulence was assessed by monitoring the weight and red 
blood cell density of mice throughout the infection. Both measures fell steeply from 
day six of infection and reached their lowest values around day 11 or 12 post-
infection, but all infected mice returned to weights comparable to uninfected controls 
by day 31 post-infection. No differences in virulence were found between the two 
single-clone infections, or between the three mixed-infections initiated with different 
ratios of the two clones. 
Consistent with theoretical predictions, mice infected with both parasite clones 
lost more weight and had on average lower blood counts than those infected with 
single-clone infections. However, there was no consistent evidence of the mechanism 
invoked by most models to explain this effect. Replication rates and parasite densities 
were not always higher in mixed-clone infections and for a given replication rate or 
parasite density, mixed-clone infections were still more virulent. Across all mice, and 
within treatment groups, phenotypic correlations between virulence and within-host 
replication rates and between virulence and transmission were observed. 
4.2 INTRODUCTION 
The way in which natural selection determines the extent to which host fitness 
is reduced by parasitic infection may have implications for the control of infectious 
disease and has stimulated a considerable body of theory (reviewed by Frank 1996; 
Bull 1994; Ewald 1995). However, as numerous authors have pointed out (eg. May 
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and Anderson 1990; Bull 1994; Read 1994; Frank 1996; van Baalen & Sabelis 
1995b), this developing theory has been subjected to remarkably little experimental 
testing. This is particularly striking in the context of vertebrate infectious disease, 
where the benefits of the theory to developing control measures have been most 
stridently advocated (Futuyma 1995; Westoby 1994; Ewald 1995; Williams & Nesse 
1991). 
Most evolution of virulence models regard virulence as a consequence of 
parasite adaptation. Virulence itself is viewed as detrimental to parasite fitness but 
genetically correlated to fitness enhancing traits (reviewed by Bull 1994; Read 1994; 
Frank 1996; Ebert in press). Increased virulence (usually modelled as a direct 
consequence of microparasite replication rate) is assumed to correlate with both 
increased transmission stage production and risk of host death. Observed levels of 
virulence are then said to represent schedules of host exploitation which balance the 
two factors in order to maximise some measure of fitness. In the simplest models, 
which consider just one parasite genotype per host, the level of virulence which 
evolves is that which maximises the total number of new infections resulting from an 
infection (e.g. Bremermann and Pickering 1983; Levin and Pimentel 1981; Anderson 
& May 1982). Optimal virulence may be high if transmission probability is enhanced 
by host morbidity, or low as prudent parasites attempt to prolong host survival in order 
to maximise long-term transmission. 
However, many authors have pointed out that where mixed-genotype 
infections are common, levels of virulence greater than those optimal for single-
genotype infections will be favoured by natural selection (eg. Hamilton 1972; Eshel 
1977; Axelrod and Hamilton 1981; Axelrod and Hamilton 1981; May and Anderson 
1983; Knolle 1989; Frank 1992; Hellriegel 1992; Bonhoeffer and Nowak 1994; 
Nowak and May 1994; van Baalen and Sabelis 1995a; Frank 1996). In the competitive 
situation of a mixed-clone infection, parasites which exploit host resources slowly are 
expected to be outcompeted by those exploiting hosts more rapidly. Thus, optimal 
levels of virulence are higher in mixed infections, even if this leads to fewer secondary 
infections than might be otherwise achieved. In the extreme, short-term selection 
arising from competition within a host can lead to greatly increased levels of virulence, 
with greatly decreased transmission rates; so called short-sighted evolution (Levin and 
Bull 1994). 
Where mixed-genotype infections occur, parasites could evolve a genetically 
fixed strategy appropriate for the frequency of mixed infections in the population 
(Frank 1992). Alternatively, a conditional strategy might evolve, with parasites altering 
their growth strategy and hence virulence according to the type of infection in which 
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they find themselves (Sasaki & Iwasa 1991; van Baalen and Sabelis 1995a). This sort 
of conditional response, envisaged as a facultative alteration of replication rate, relies 
on the ability of parasites to detect other parasite genotypes within the host. One 
possible mechanism for this is the detection of a host immune response mounted to an 
antigenically similar but not identical parasite. Both genetically fixed and facultative 
mechanisms should result in the evolution of higher parasite virulence. 
Here an experiment was designed to test whether the second of these 
mechanisms, a facultative response, leads to increased virulence in mixed-clone 
infections of the rodent malaria parasite Plasmodium chabaudi. In vertebrate hosts, 
malaria parasites replicate mitotically within erythrocytes until the host dies or the 
infection is controlled by host immunity. For a variety of experimental and ethical 
reasons, it is not practical to use mortality rates as a direct measure of virulence. As 
indirect measures, weight loss and anaemia were assayed. In the C57/BL/6J strain of 
mouse used in these experiments, P. chabaudi is usually non-lethal (Stevenson et al. 
1982), but it is assumed that in less resistant host genotypes these measures are 
correlated with probability of death. Host responses to anaemia have been linked with 
resistance to infection with P. chabaudi (Stevenson et al. 1982; Yap and Stevenson 
1994) and both weight loss and anaemia induced by single-clone infections of P. 
chabaudi differ repeatably between parasite lines (Mackinnon, in prep.; Read and 
Anwar in prep.). 
Groups of mice were infected with one of two clones of P. chabaudi or with 
mixtures of the two, all mice receiving the same total number of parasites. If virulence 
is a consequence of a conditional parasite life history strategy, mixed-clone infections 
should be more virulent than single-clone infections. In mixed-clone infections, the 
optimal strategy for a parasite clone may also be affected by the relative abundance of 
competitors. For example, rare clones stand to gain little from prudent host exploitation 
where that leads to competitive suppression, and so should alter their replication rate 
accordingly. Therefore the mixed-clone infections were initiated with inocula 
composed of 9:1, 5:5 and 1:9 ratios of the two clones. Relative virulence of these three 
groups is hard to predict a priori: to do so would require detailed information about 
optimal growth rates in the three situations, if and by how much clones are able to alter 
their growth schedules, and how growth rates relate to overall virulence. 
These experiments can also be used to test whether virulence is phenotypically 
correlated with parasite replication rate and transmission. As a measure of transmission 
rates, peak gametocyte density was assayed. Gametocytes are non-replicating parasites 
which develop from the replicating blood stage (asexual) parasites, and are the only 
stages capable of infecting mosquitoes. Previous experiments with P. chabaudi have 
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shown that gametocytes are present for only a brief period, during which gametocyte 
density is correlated with both the proportion of mosquitoes infected and average 
parasite burdens per mosquito (Taylor et al. 1997b, Chapter 2). Phenotypic 
correlations can be an indicator of underlying genetic correlations, which are assumed 
to occur between these traits by the theoretical models. 
4.3 METHODS 
Parasites and hosts 
Two cloned lines of P. chabaudi chabaudi denoted CR and ER (Beale et al. 
1978), obtained from the WHO Registry of Standard Malaria Parasites, Edinburgh 
University, were used. Clones are derived from asexual proliferation of a single 
parasite obtained from wild isolates by serial dilution. Isolates from infected tree rats 
(Thamnomys rutilans) collected in the Central African Republic in 1965 and 1970 were 
the sources of the CR and ER clones respectively (McLean 1986; Beale et al. 1978). 
Hosts were male C57BL/6J/Ola mice (Harlan, England). Mice were fed on SDS rat 
and mouse maintenance diet and drinking water was supplemented with 0.05% para-
amino benzoic acid (PABA) to enhance parasite growth. Artificial illumination was 
provided from 05.30 to 17.30 hours. 
Inoculation of mice with standard numbers of parasites 
Parasite densities in infected donor mice were determined from Giemsa-stained 
thin blood smears and red blood cell counts were made using flow cytometry (Coulter 
Electronics). For inoculations, infected blood was diluted in calf serum-ringer solution 
(50% heat-inactivated calf serum, 50% ringer solution (27mM KC1, 27mM CaCl2, 
0.15M NaCl), 20 units heparin/ml mouse blood) to give separate dilutions of 10 
parasitised red blood cells per 0. 1 m volume of the two parasite clones. 
Monitoring of infections and virulence 
Mice were weighed to the nearest 0.01g on days 0, 2 and 4, then daily until 
day 22, and on days 24, 28 and 31 post infection (p.i.). Red blood cell counts 
obtained using a Coulter counter were taken on day 4, then every second day until day 
18, and on day 22 p.i. between 17:00 and 18:30 hours. Thin blood smears were taken 
at the same time as the blood count measures on days 6, 8, 10, 12, and 16 and used to 
calculate the asexual parasite density (parasites per ml) on each of these days and 
gametocyte density (garnetocytes per ml) on day 16 p.i.. Uninfected mice were 
subjected to the same sampling procedure. 
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Experimental design 
Mice were weighed and allocated at random to treatment groups. Six treatment 
groups, each containing four mice, were used: one control (uninfected), two single-
clone (CR or ER parasites), and three mixed-clone infection groups (parasite clones in 
ratios of 1CR:9ER, 5CR:5ER or 9CR:1ER). All mice allocated to non-control groups 
received a total of io P. chabaudi parasites in a 0. 1 m inoculum intraperitoneally. 
Control mice received an equivalent number of red blood cells from an uninfected 
mouse. Mice were inoculated between 15:00 and 17:00 hours. The whole experiment 
was repeated 13 days later (with mice from the same cohort) to give two experimental 
blocks and a grand total of 48 mice in the whole experiment. One mouse in the ER 
treatment group of the second block showed an abnormally high parasite density on 
day 10 and died on day 12 p.i.. It was excluded from the analysis. 
Analysis 
Weight, weight loss, red blood cell density and gametocyte density were 
analysed using ANOVAs to determine the effects of treatment and experimental block. 
In most cases, there were significant differences between the two experimental blocks, 
probably because mice in the second block were 13 days older. Block effects were 
always included in the models where significant, but are of little interest in their own 
right; only significant interactions between experimental block and other model terms 
are reported. 
Correlations between virulence parameters and measures of asexual parasite 
densities were carried out using ANCOVAs in GLIM (Crawley 1993). The following 
seven measures of the asexual infection were used: (i-v) parasite densities on days 6, 
8, 10, 12 and 16, (vi) the difference between day 8 and day 6 parasite density, and 
(vii) an estimate of the total number of parasites during the infection. This last measure 
was calculated for each mouse individually from the area under the curve of asexual 
density through time between days 6 and 16 p.i.. As P. chabaudi replicates once every 
24 hours, this represents a reasonable approximation to the total number of asexuals 
produced during this period of infection. In all cases treatment, experimental block and 
all interactions with the asexual measure in question were included as predictor 
variables in a full model, with the virulence measure as the response variable. In no 
case were any interaction terms significant when removed from these full models. 
Significance of the remaining effects was assessed from models containing the asexual 
measure, treatment and block effects as predictor variables. F-ratios were calculated 
from the change in deviance per degree of freedom divided by the residual mean square 
deviance, as terms were removed from the minimal model (Crawley 1993). The same 
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approach was used to investigate relationships between virulence and transmission, 
with gametocyte density as the response variable and the virulence measure as the 
predictor variable. 
4.4 RESULTS 
Most of the weight loss caused by infection occurred between days 7 and 18 
post-infection (p.i.), with the lowest weights typically between days 11 and 13 (Figure 
4.1a). However, within and across treatment groups, mice did not lose weight 
synchronously, so that comparisons of weight loss at specific timepoints were not 
meaningful. Instead, two composite measures of weight loss were used: mean loss 
(weight on the day of infection minus average weight from days 7 to 18 p.i.) and 
maximum loss (weight on the day of infection minus the average of the two lowest 
weights subsequently recorded). Red blood cell density fell from day 6 p.i. to minima 
on days 10 to 12 p.i. (Figure 4.1b). Mean blood count over the days 4-22 p.i., and an 
average of the two lowest blood counts were calculated for analysis. Parasites became 
detectable in blood films on day 6 p.i., their densities peaked between days 8 and 10, 
and had fallen dramatically by day 12 (Figure 4.1c). In the later stages of the infection, 
mixed-clone infections maintained higher asexual densities than single-clone 
infections, although none were comparable to earlier stages of infection. 
The virulence of CR infections was not significantly different from that of ER 
infections as assessed by mean weight loss, maximum weight loss, mean blood count 
or the lowest blood count (F1,11=0.27, F1,11=0.26, F1,11=0.53, F1,11=0.28 
respectively; p>0.2 in all cases). Similarly, mixed-clone infections with initial CR:ER 
parasite ratios of 1:9, 5:5 and 9:1 did not differ significantly in mean or maximum 
weight loss or mean blood counts (F2,182.55, p>0.05; F2,18=2.00, p>O.l; 
F2,18=0.44, p>0.5 respectively). The effect of the initial ratio on lowest blood count 
differed significantly between the two experimental blocks (block. treatment interaction, 
F2,18=5.05, p<z0.05), with the rank orders of the three groups different in the two 
blocks, but there was no main effect of initial ratio (F218=1.65, p>0.2). As no 
consistent differences between the two single-clone or between the three mixed-clone 
groups could be shown, the remaining analyses compare the virulence of all mixed-
clone to all single-clone infections. 
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Figure 4.1 Mean weight loss (a), mean red blood cell densities (b) 
and parasite densities (c) of the six groups of mice in experimental 
blocks (replicates) one and two during the infections. Day of inoculation 
= day zero. Each line represents the mean of four mice. 
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(i) Comparison of mixed- and single-clone infections 
(a) Virulence 
Mixed clone infections were more virulent than single clone infections. 
Maximum weight loss was greater for mice infected with two clones compared with 
one (F1,35=4.79, p<0.05). In blocks one and two, mice with mixed-clone infections 
lost around 30% more weight than did those with single-clone infections (Figure 4.2). 
Mean weight loss showed a similar pattern (F1,35=3.66, p=0.07). By the end of the 
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Figure 4.2 Maximum weight losses of mixed-clone and single-clone 
infections, calculated from the mean of the two lowest weights reached. 
Within each block there were 12 mixed-clone infections and 8 single-clone 
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Figure 4.3 Mean blood counts of the mixed-clone and single-clone 
infections over days 4 to 22 of infection. Within each block there were 12 
mixed-clone infections and 8 single-clone infections. The error bars 
represent +1 S.E.. 
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clone infections had returned to weights comparable to the uninfected controls 
(F2,41 = 1.53, p>0.2). The reduction in mean blood count was higher for mixed-clone 
infections compared to single-clone infections (F1,35=6.60, p<0.05, Figure 4.3), with 
mixed-clone infections suffering a further 5% reduction on average. The average of the 
two lowest blood counts did not differ significantly between mixed-clone and single-
clone infections (F1 ,35=  1.86, p>0.1). 
(b) Parasite replication , rate and densities 
The density of parasites achieved by day 6 p.i., day 8 p.i., and the increase 
between days 6 and 8 p.i. was greater for the mixed-clone infections in block one of 
the experiment, but greater for the single-clone infections for the second block 
(treatrnentXblock interactions F1,36=3.39, p0.07,  F1,36=9.69, p<O.Ol and 
F1,36=8.04, p<zO.Ol respectively). Mixed-clone and single-clone infections also 
differed between blocks in the total number of parasites which was higher for single-
clone infections in block one, but higher for the mixed-clone infections in block two 
(treatment X block interaction F1,35=5.8 1, p<O.OS). Thus, there were no consistent 
differences across blocks in replication rates and densities analogous to those for 
virulence. 
(ii) Virulence and parasite numbers 
Relationships between parasite densities and virulence were investigated using 
the virulence measures which showed the clearest treatment effects: namely, maximum 
weight loss and mean blood count. Asexual densities early in the infection of a non-
immune host are indicators of parasite replication rates. Densities later in the infection 
and the total number of parasites are measures of parasite burden. In none of the 
following analyses were there any significant interactions between the asexual 
parameter being tested and either block or treatment, demonstrating that any 
relationships between virulence and the asexual infection dynamics did not differ 
between single- and mixed-clone infections. 
Of the seven variables relating to the asexual infection analysed, only asexual 
densities on days 6, 8 and the difference between them were positively correlated to 
maximum weight loss, when controlling for treatment effects (Table 4.1). Parasite 
densities later in the infection and the total number of parasites during the infection 
were unrelated to maximum weight loss. Thus, weight loss is greater when parasite 
replication rate is higher, but is unrelated to the parasite burden later in the infection or 
to the total number of parasites in an infection. However, differences in replication 
rates did not explain why maximum weight loss was greater for mixed-clone than 
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single-clone infections. On average, mixed-clone infections resulted in an additional 
weight loss of about 0.8g compared to single-clone infections with the same parasite 
replication rate (Table 4.1; Figure 4.4a). This difference was equivalent to around 3% 
of the weight of uninfected controls of the same age. Mean blood count was negatively 
correlated to day 6, day 8 and day 8 minus day 6 parasite densities (Table 4. 1), 
showing that faster parasite replication rates were associated with lower blood counts. 
Virulence 	Asexual measure 	Slope of 	Mixed vs. single 
measure Correlation Intercept 
Maximum 	none 	 0.79 * 
weight loss 
day 6 pars/ml 0.029 * 0.93 * 
day 8par/ml 0.011 * 0.76* 
day 8 - day 6 pars/ml 0.010 * 0.72 t 
day 10 pars/ml -0.0039 n.s. 0.87 * 
day 12 pars/ml -0.016 n.s. 0.80 * 
day 16 pars/mI -0.0046 n.s. 0.86 n.s. 
Total parasites 0.0023 n.s. 0.62 n.s. 
Mean 	none -0.36 * 
Blood count 
day 6pars/mI -0.019 ** -0.45 * 
day 8 par/ml -0.0056 ** -0.35 ** 
day 8 - day 6 pars/mi -0.0046 * -0.33 * 
day 10 pars/ml 0.0065 ** -0.49 ** 
day 12pars/ml 0.011 ** 0.37** 
day 16 pars/ml 	-0.00073 n.s. 	-0.35 n.s. 
Total parasites 0.00096 n.s. -0.43 * 
Table 4.1 Relationships between virulence measures and asexual infection dynamics. 
In all statistical models, maximum weight loss or mean blood count was the response 
variable, with treatment (single or mixed-clone infection), experimental block and (when 
fitted) the asexual measure as predictor variables. Tabulated values are parameter 
estimates from those ANCOVA models; the statistical significance of their difference 
from zero was tested by removing the terms from the models (Crawley 1993). Thus, 
significant terms explain additional variation above that explained by the other terms. In 
no case did inclusion of higher order interaction terms significantly improve model fit. 
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Figure 4.4 Relationships between day 6 p.i. parasite densities and 
maximum weight loss (a), mean blood cell count (b) for experimental 
blocks one and two. Regressions were fitted separately for single- and 
mixed-clone infections. For maximum weight loss the fitted line for the 
mixed-clone infections lies above that for the single-clone infections in both 
cases, for mean blood count the mixed-clone line lies below that of the 
single-clone infections in both cases. 
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Later in the infection on days 10 and 12 p.i. there were positive associations between 
parasite density and blood count. But as with weight loss, differences in the mean 
blood count of mice infected with single-clone or mixed-clone infections were not 
explained by differences in parasite replication rate (Table 4.1). Mixed-clone infections 
showed on average 0.4 x10 9 fewer red blood cells per ml than single-clone infections 
for a particular asexual parasite density at each of the timepoints during the infection 
that were sampled. This difference was equivalent to around 4% of the red blood cell 
densities of the uninfected control mice (Figure 4.4b). 
(iii) Transmission 
In both experimental blocks, gametocyte densities were higher in mixed-clone 
infections than in single-clone infections (F1,35=13.43, p<0.001, Figure 4.5); this 
difference was larger in the second block (treatmentxblock interaction: F1,35=3.60, 
p 0 . 07 ) 
Across all mice, both mean and maximum weight loss were positively 
correlated with gametocyte density (F1,38=5.78 and F1,38=6.09, respectively, p<0.05 
in both cases). In neither case did adding a quadratic weight loss term improve the 
model fit (F137=0.49, p>0.2 for mean weight loss and F1,370.40, p>0.2 for 
maximum weight loss). Thus gametocyte density was linearly correlated with virulence 
as measured by weight loss. Using gametocyte density, block, treatment and 
El single-clone 
• mixed-clone 
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Figure 4.5 Gametocyte densities on day 16 p.i. for the mixed-clone 
and single-clone infections. Within each block there were 12 mixed-clone 
















all interactions as predictor variables in the analysis of weight loss and mean blood 
count, the minimal model contained only the treatment effect in each case (F1,38=8.59, 
p<0.05). Weight loss was still positively correlated with gametocyte densities when 
the difference between mixed and single clone infections was controlled for, although 
these effects were only marginally significant (F137=3.48, p0.07  for mean weight 
loss. F137=3.48, p0.07  for maximum weight loss). Thus mixed-clone infections had 
higher gametocyte densities and caused greater weight loss, but also within single-
clone and within mixed-clone infections there was evidence that gametocyte density 
positively correlated with weight loss. 
Similar analyses were carried out for the blood count measures. For mean 
blood count there was no significant correlation with gametocyte density (F1,38=3.16, 
p>0.05), and no additional effect of the quadratic term (F1,37=0.14, p>.0.5). For the 
lowest blood count measure the pattern was the same with neither the linear term 
(F138=3.64, p>0.05) nor the quadratic term (F1,37=0.18, p>0.5) showing a 
significant correlation with gametocyte density. 
4.5 DISCUSSION 
Consistent with theory, the virulence, measured by weight loss and mean 
blood count, of mixed-clone infections was greater than that of single-clone infections. 
Virulence was therefore facultatively altered, but this was not consistently due to 
increased parasite replication rates in the mixed-clone infections. Within treatment 
groups, more rapid parasite replication rates resulted in greater  virulence, but mixed-
clone infections were more virulent for a given parasite replication rate. Thus there is a 
phenotypic correlation between virulence and parasite replication rate, but there is also 
an additional effect of increased virulence in mixed-clone infections. If parasite 
replication rate was the only determinant of virulence, the single-clone and mixed-clone 
infections should fall along the same fitted lines in Figure 4.4, but with the mixed-
clone infections concentrated in the upper ranges of both replication rate and virulence 
measures. Instead a significant difference in the intercepts of the fitted lines for single-
and mixed-clone infections was found, and considerable overlap in the ranges of 
parasite replication rates for the two groups. 
Increased virulence in mixed-clone infections may be due to parasites 
facultatively altering some other aspect of their behaviour. One possibility is that 
parasites engage in direct interference competition by releasing substances, analogous 
to allelopathic substances in plants (Rice 1984), to which they themselves are immune 
but which are toxic to competing genotypes and the host. Alternately, virulence may be 
a consequence of parasite population heterogeneity itself. Blood count and weight loss 
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are directly affected by parasite densities and also indirectly affected by the host 
immune response, both of which destroy red blood cells and consume host nutrients. 
As parasite densities could not fully explain the virulence levels achieved in mixed 
infections compared to single-clone infections, differences in the immune system 
responses to mixed- and single-clone infections may be responsible for the differences 
in virulence. Mixed-clone infections were able to sustain higher parasite densities 
towards the end of the infection (days 14 to 16 p.i.) than were single-clone infections 
(Figure 4.1 c). This has been observed in previous experiments with P. chabaudi 
(Taylor et at. 1997b, Chapter 2) and is probably because immunity to P. chabaudi is at 
least in part strain-specific (Jarra & Brown 1985; Jarra & Brown 1989; Snounou et 
at. 1989). After the peak of infection of the dominant clone is reduced by the immune 
system, the minority parasite being antigenically distinct is able to grow up and 
increase the overall parasite population size in the later parts of the infection. The 
higher parasite densities in the mixed infections at this time could cause the slower 
recovery to normal blood count (Figure 4.2) which contributes to a decrease in mean 
blood count. Maximum weight loss, occurring between days 11 and 13 cannot be 
attributed to higher parasite densities at the end of infection, but could be explained by 
the energetic costs of a more complex immune response. For example, if diverse 
parasite populations stimulate a larger number of T or B cell clones, a greater immune 
cascade could cause the destruction of more red blood cells, greater consumption of 
host resources, or higher production of factors such as TNF which is associated with 
many aspects of disease severity (Titus et al. 1991). The severity of disease incurred 
by P. chabaudi varies greatly with the strain of mouse host (Stevenson et at. 1982), 
demonstrating that host factors are a major determinant of virulence. More generally, 
host responses to parasitic infection may play a greater role in determining the 
virulence of an infection than adaptive parasite evolution (eg. Ewald 1980; Read 1994; 
Ebert & Hamilton 1996). Optimality approaches to host responsiveness have yet to be 
incorporated into theoretical or experimental analyses of the evolution of virulence. 
Mixed-clone infections also had higher gametocyte densities than the single-
clone infections, as was found in previous experiments (Taylor et at. 1997b, Chapter 
2). Additionally, within treatment groups there was evidence that transmission stage 
production increased with the virulence of the infection. This phenotypic correlation is 
consistent with the genetic correlation assumed by much of the theoretical work on the 
evolution of virulence. 
Very few field studies relate malaria morbidity to the number of genotypes in 
an infection. Those few must be interpreted with caution because of the limitations of 
the monoclonal (Conway et at. 1991) or PCR (Mercereau-Puijalon 1996) techniques 
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used to assess the number of genotypes, and also the problems of accurately defining 
morbidity attributable to malaria (Gilles 1988). In the Gambia, groups of patients with 
mild and severe malaria did not differ in the number of genotypes they were carrying 
(Conway et al. 1991). In Senegal, two studies carried out in the same village suggest 
that symptomatic children have fewer genotypes per infection (mean 1.4, Contamin et 
al. 1996) than asymptomatics of the same age group subjected to the same 
transmission intensity (mean = 4, Ntoumi et al. 1995). The interpretation of these and 
other studies in the same village is that when a child encounters a novel strain, 
unrestricted parasite growth leads to symptoms (Mercereau-Puijalon 1996). A study in 
Papua New Guinea suggested that clinical cases more often involve parasites with a 
particular family of MSA-2 alleles than do asymptomatic controls, suggesting that 
parasite genotypes differed in their pathogenicity (Engelbrecht et al. 1995). The control 
group contained a higher percentage of mixed-genotype infections (significance not 
tested), and a significantly higher proportion of mixed-species infections than were 
found in the clinical cases. Increasingly, data from the field are suggesting that strain-
specific immunity is important in developing resistance to malaria (Mercereau-Puijalon 
1996). It is likely that in semi-immune hosts, differences in immune status are a crucial 
determinant of virulence, emphasising the difficulty of applying ideas of adaptive 
parasite evolution to biomedical problems. Nevertheless, comparisons of disease 
severity in people who contract two novel genotypes and in those contracting a single 
novel strain would be of great interest. 
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Chapter 5 
Sex ratios in mixed and single-clone infections of 
the rodent malaria Plasmodium chabaudi 
5.1 ABSTRACT 
There is a well developed body of theory on how individuals should alter the 
sex ratio of their offspring according to the probability of outcrossing. In highly 
structured populations, such as those of many parasitic organisms, female-biased sex 
ratios are expected. Where sex ratios of parasitic organisms are reported they are 
generally in line with this prediction, but little experimental work has been done. Here 
sex ratios of gametocytes in infections of the rodent malaria, P. chabaudi, initiated with 
one, two or three distinct clones are investigated. Sex ratios in single-clone infections 
were almost always female-biased, but showed considerable variation over 8 to 12 
asexual passages. Despite this, clonal differences in gametocyte sex ratio were found. 
No consistent evidence of facultative changes in sex ratio in response to mixed 
infection was found. However in all experiments, less female-biased sex ratios were 
found in infections with higher gametocytaemias. This suggests that sex ratio can be 
facultatively altered in infections and that this may explain some of the differences 
between mixed-clone and single-clone infections observed. 
5.2 INTRODUCTION 
An individual should divide its energy between male and female reproductive 
function so as to maximise the number of copies of its genes in the next generation. 
Sex allocation theory has its origins in the work of Fisher (1930) and has been 
extended to a wide range of both free-living and parasitic organisms (Charnov 1982; 
Frank 1990; Godfray & Werren 1996). In a population where all males have an equal 
probability of mating with any particular female, natural selection will favour a sex 
ratio of 1:1. This is because if males are rare, an organism producing more male 
offspring than female would have increased fitness. Similarly when females are rare, 
individuals producing more female offspring would have higher fitness. It is important 
to stress that selection acts on the primary sex ratio (that at the end of parental 
investment in the offspring), not the secondary sex ratio (that seen in adult 
populations). This is because any increased death prior to reproduction for a particular 
sex only serves to increase the fitness of the remaining individuals of that sex. 
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One of the most important insights in sex allocation theory was made by 
Hamilton who reasoned that when random mating did not apply to a population, large 
deviations from 1:1 sex ratios should be favoured by natural selection (Hamilton 
1967). In the extreme case, where offspring of a single female mate with each other, 
and assuming males can fertilise more than one female, competition between brothers 
(local mate competition) can arise. In these situations, natural selection favours female-
biased sex ratios, with just enough males being produced to fertilise all the females. 
This minimises local mate competition and also increases the number of mates available 
to sons, therefore maximising the number of fertilisation events (Taylor 1981). A 
continuum of adaptive sex ratios exists between this complete inbreeding situation 
where maximum female bias is favoured and the completely outcrossing situation that 
Fisher first described where a 50:50 ratio of the two sexes is favoured. 
Organisms may evolve an optimum sex ratio which is the most suitable 
according to the frequency at which outcrossing occurs in a population. In this case, 
sex ratio would be a genetically determined trait, and genotypes from populations with 
different levels of inbreeding would show different, but stable sex ratios. 
Alternatively, organisms may be able to facultatively alter sex ratio according to the 
situation that they find themselves in. This would be favoured if the optimal strategy 
could not be predicted in advance, but could be predicted from local environmental 
conditions. It requires that sex ratio is not genetically fixed, and that cues exist in the 
local environment from which the optimal strategy can be assessed. 
Empirical support for sex allocation theory has provided some of the best 
evidence of adaptive evolution for any trait. In particular, work on fig wasp and 
parasitoid wasp species has provided impressive supporting data for the theory 
(reviewed by Godfray 1994). Female fig wasps lay their eggs in a ripening fruit, and 
her offspring will mate within this fruit. For many fig wasp species, most fruits 
contain the eggs of only one female, and here extreme female biases are frequently 
observed. However, if a second wasp lays eggs in a fruit where eggs have already 
been laid, she lays eggs with a less female-biased or even male-biased sex ratio. Males 
are rare in this subsection of the population and she can increase her fitness by 
dominating the male population with her sons. In species such as this, the overall sex 
ratio of the eggs within a fruit becomes closer to 1: 1 as the number of female wasps 
laying eggs in it increases (Herre 1985). Exactly the same phenomena have been 
observed in parasitoid wasps where the overall sex ratio of individuals within a 
parasitised host increases as the number of parasitoid females that laid eggs in it 
increases (Werren 1983). 
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For most parasitic organisms, the structuring of the population is very strong, 
and mating between parasite populations from different host individuals is very rare. In 
many cases this results in reproduction within a host occurring between males and 
females derived from the single individual that established the infection. The theory of 
sex allocation and its relevance to malaria is discussed in some detail by Schall (1989) 
and the effect of local mate competition on malaria gametocyte sex ratio by Read et al. 
(1992). Here a brief summary is presented, showing how the structuring of malaria 
populations amongst discrete hosts and vectors produces selection pressures similar to 
those in the examples above. 
Sex is an obligate part of the malaria lifecycle and takes place within the 
mosquito midgut. Gametocytes (the only stages of the blood infection able to infect the 
vector) circulate in the host bloodstream, but quickly develop into gametes if taken up 
by a feeding mosquito. Whilst a single female gametocyte develops into a single female 
gamete, one male gametocyte can produce up to 8 male gametes. Within 20 minutes of 
blood being taken up by a mosquito, male and female gametes have been formed and 
fertilisation has already been completed. As a mosquito usually feeds only once per 
egg laying cycle, and usually this is on a single host, the probability that a male 
gametocyte will fertilise a female gametocyte from a different host is very low. A 
single genotype infection in a host should therefore produce a female-biased 
gametocyte sex ratio, with just enough males to fertilise all the female gametocytes and 
ensure maximum transmission levels from the infection. The situation changes when 
another genotype of the same species is present in the host. Male gametocytes can now 
fertilise the female gametes of the other genotype present in the infection as well as 
those of their own genotype, and less female-biased sex ratios should follow. 
Gametocyte sex ratios for the human malarias are only occasionally reported 
from field surveys but, consistent with high degrees of local mate competition, most 
authors note that they show a female bias (reviewed by Schall 1996). Average sex 
ratios (proportion of male gametocytes) of gametocyte positive people in the field have 
been estimated as 0.18 in Papua New Guinea (Read et al. 1992) and 0.22 in Cameroon 
(Robert et al. 1996), and P. falciparum parasites adapted to culture show apparently 
stable and strongly female-biased sex ratios (Ponnudurai et al. 1982; Burkot et al. 
1984; Ranford-Cartwright et al. 1993). 
The application of sex ratio theory to protozoan parasites is a relatively new 
field. In a study of P. falciparum, the sex ratio of gametocytes from a population in 
Papua New Guinea was used to predict the degree of inbreeding in that population 
(Read et al. 1992), a prediction recently confirmed by direct molecular techniques 
(Paul et al. 1995). Sex ratios could therefore be a valuable epidemiological tool for 
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some species of parasites, if critical predictions from the theory are upheld by more 
empirical work. Read et al. (1995) showed how sex ratios in a range of 
Leucocytozoon species (a genus of avian blood parasites closely related to 
Plasmodium) correlated as theory predicted with prevalence across a host population. 
Species with higher prevalences in their host population (and hence, it is assumed, a 
higher frequency of mixed infections) had less female-biased sex ratios than less 
prevalent species. However, a study investigating the same predictions for another 
genus of avian blood parasites, Haemoproteus, failed to find any correlation between 
parasite prevalence and sex ratio (Shutler et al. 1995). Very few studies have directly 
investigated the fundamental effect of sex ratio on infectivity to vectors. Theoretically, 
infectivity should vary with sex ratio, maximising at a sex ratio which maximises the 
total number of females fertilised. Across populations, sex ratios that do not maximise 
the total number of fertilised females can be favoured for the reasons stated above, but 
within a population optimum sex ratios that maximise infectivity should be favoured by 
natural selection. No such optimum was found for lizard malaria infections (Schall 
1996) or for human infections of P. falciparum, where there was either no relationship 
(Boudin et al. 1989) or a positive relationship between sex ratio (proportion of male 
gametocytes) and infectivity was found (Robert et al. 1996). 
Here, malaria gametocyte sex ratios were investigated using controlled single-
clone and mixed-clone infections of P. chabaudi in a mouse model. Sex ratio stability, 
or variability between infections, may indicate to what extent sex ratios are fixed in this 
species and therefore whether facultative changes can be made in response to local 
environmental conditions, such as genetic heterogeneity in infections. As gametocyte 
density can be altered according to the genetic composition of the infection (Chapters 2 
and 4), this could be used as a cue for facultative alterations in sex ratio. The effect of 
gametocyte density on sex ratio was therefore tested for. Finally, a small dataset was 
used to investigate the role of gametocyte sex ratio in determining infectivity to 
mosquitoes. 
5.3 METHODS 
(i) Parasites and hosts 
Three cloned lines of P. chabaudi denoted CR, ER and AS (Beale et al. 1978), 
obtained from the WHO Registry of Standard Malaria Parasites, Edinburgh 
University, were used. The hosts were male C57BJJ6J/Ola mice (Harlan, England) in 
which P. chabaudi is usually non-lethal (Stevenson et al. 1982). Mice were fed on 
SDS rat and mouse maintenance diet and drinking water was supplemented with 
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0.05% para-amino benzoic acid (PABA) to enhance parasite growth. Artificial 
illumination was provided from 07.00 to 19.00 hours. 
Inoculation of mice with standard numbers of parasites 
Parasite densities in infected mice were determined from Giemsa-stained thin 
blood smears and red blood cell counts made using a Coulter Counter. Blood from 
these infected mice was diluted in calf serum-Ringer solution (50% heat-inactivated 
calf serum, 50% ringer solution (27mM KC1, 27mM CaC12, 0.15M NaCl), 20 units 
heparin/ml mouse blood) to give initial dilutions of the two parasite clones. These were 
then further diluted with calf serum-Ringer solution, or mixed together to give the 
required number of parasites in a 0. 1 m inoculum (see experimental design below). 
Parasite counts 
Thin blood smears were taken between 17.45 and 18.15 hours on selected 
days. Asexual parasitaemia (percentage of infected red cells) and gametocytaemia 
(number of gametocytes per 10 red blood cells) were calculated from the blood 
smears. To ensure clear staining of gametocytes for accurate sexing, thin blood smears 
were used (Read et al. 1992) and stained for exactly 35 minutes in 10% Giemsa 
solution. Both Schall (1989) and Read et al. (1992) emphasise the importance of large 
sample size for the accurate measurement of sex ratio. In most cases 100 gametocytes 
were counted, but where densities were low all the gametocytes that could be found in 
the smear were included. 
Feeding of mosquitoes 
Mosquitoes were allowed to feed on a small subset of infections in the second 
experiment. After samples to determine asexual parasitaemia and gametocytaemia had 
been taken on day 14 p.i., five day old Anopheles stephensi, starved for the previous 
48 hours, were fed on the mice for 20 to 30 minutes. Unfed mosquitoes were 
discarded, and the remainder kept at 25-28 0C and 70-80% humidity, fed on 10% 
glucose in water supplemented with 0.05% PABA. Eight to ten days later these 
mosquitoes were dissected to obtain counts of the number of oocysts on each mosquito 
midgut. From this the average number of oocysts per mosquito was determined and 
used in the analysis. 
Sexing of gametocytes 
The descriptions of Garnham (1966, p469)  and Landau & Boulard (1968, pTi) 
were used to differentiate male and female gametocytes. The former was published at a 
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time when the species P. chabaudi and P. vinkei were confused (resolved in Carter & 
Walliker 1975), but as the two show very similar morphology for all the blood stages, 
the observations are still useful. Only mature gametocytes (those which had malaria 
pigment granules and were a similar size to the red blood cell) were used to calculate 
the sex ratio. These can be easily located using polarised light as the pigment granules 
deflect the plane of light. Under normal light, mature male gametocytes usually stain 
reddish-pink, and the females appear a pale steel-blue colour. However, even with 
very careful staining, males in some smears were not always pink. Morphological 
features were therefore of greatest importance. Mature male gametocytes have a large 
nucleus, often located peripherally and can be markedly crescent-shaped. Female 
gametocytes are usually circular, have smaller nuclei which are not usually peripheral, 
and larger pigment granules scattered evenly throughout the cytoplasm. 
(vi) Experimental designs 
Experiment 1: Sex ratio stability 
For each of the parasite clones CR and ER, three replicate lines were set up. 
Each line consisted of a series of single mice between which asexual parasites were 
passaged by syringe. Therefore, in each passage six mice were infected, three with CR 
and three with ER. On day 7 p.i., blood was taken from each of these mice and used to 
infect the next passage mouse. All infections were initiated with 106  parasites. Smears 
were taken from the infections at peak gametocyte density on day 14 post infection 
(p.i.) to assess gametocytaemia and sex ratio. Twelve generations of CR infections 
were carried out but only eight of ER, as the ER lines had to be terminated when 
mortality in the mice became too high. 
Experiment 2: Sex ratios in mixed infections 
Single-clone ER infections and mixed-clone infections with ER+CR or 
ER+CR+AS were set up, with either 105  (half of the single-clone infections only) or 
106 total parasites. In all cases blood smears were taken to determine asexual 
parasitaemia, gametocytaemia and gametocyte sex ratio on day 14 p.i.. In total 16 ER 
infections, 18 CR+ER infections and 6 CR+ER+AS infections were initiated. 
Virulence experiment 
In addition to the experiments designed to investigate gametocyte sex ratio, sex 
ratios were also measured from the slides from the virulence experiment (see Chapter 
4). The full experimental design is detailed in section 4.3, but briefly, five treatment 
groups were infected with CR, ER, 1CR:9ER, 5CR:5ER or 9CR: 1ER parasites. All 
mice received 105 parasites, and slides to measure asexual parasitaemia, 
gametocytaemia and sex ratio were taken on day 16 p.i.. 
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(vii) Analysis 
Throughout, log-linear models were used. Sex ratio (proportion of male 
gametocytes) was analysed as the response variable with binomial error structures and 
overdispersion corrected for using William's correction (Crawley 1993). These 
analyses therefore controlled for the effect of gametocyte sample size in assessing sex 
ratio and adjusted the error structure of the model to deal with non-normality in the 
data. The significance of predictor variables; passage number (analysed as a linear 
term) the number of clones in the infection and gametocytaemia (arcsine transformed) 
was assessed using x 2  values. Significant differences between lines for the first 
experiment were assessed using a nested analysis. For the analyses of the virulence 
experiment data, the effect of block, and any interaction between block and the main 
effect on sex ratio were always tested for. In all cases these were insignificant and are 
not reported. 
The analysis of infectivity used ln(mean oocysts/mosquito+ 1) as the response 
variable in models with normal error structure. The effect of gametocytaemia (arcsine 
transformed) was controlled for and the residuals of this model were used in a further 
analysis of the effect of linear and quadratic sex ratio terms. Significance of effects in 
these models was assessed using F-ratios. 
Male and female gametocytaemia were calculated by multiplying 
gametocytaemia by the sex ratio. These and the total gametocytaemia were arcsine 
transformed prior to analysis in log-linear models with normal error structure. 
To assess overdispersion in the models, binomial models were fitted with all 
significant factors, and residual deviance and degrees of freedom noted without 
applying William's correction. These two figure can be used directly to assess 
significant departures from binomial error using a x2  test, or to calculate the 
heterogeneity factor (residual deviance / residual degrees of freedom). 
5.4 RESULTS 
Throughout, sex ratio is defined as the proportion of gametocytes that were 
male. Sex ratios were determined from 52, 34 and 39 infections for experiments one, 
two and the virulence experiment respectively. Over 100 gametocytes were sampled 
for 71%, 88% and 77% of blood smears and over 50 gametocytes sampled for 94%, 




(i) Sex ratio stability 
The first experiment involved asexually passaging CR and ER parasites into 
naive hosts for 12 and 8 generations respectively. The three replicate lines of each 
clone showed considerable variation across the generations (Figure 5.1a), but sex 
ratios were almost all female-biased, with a mean (95% confidence limits) of 0.352 
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Figure 5.1 (a) Gametocyte sex ratio over 8 passages of ER parasites and 12 
passages of CR parasites. Each point shows the sex ratio of gametocytes in an 
individual mouse 14 days after it was infected with 106  parasites. The lines join each 
mouse to the mouse from which parasites in its inocula came. (b) Mean sex ratios in 
gametocytes with passage number. Each point represents the mean of the three 
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Overall, there was a significant difference in the sex ratios of the two clones 
(=16.94, p<O.00l), with that of CR being on average less female-biased 
(mean=0.38, 95% confidence limits 0.40, 0.36) than that of ER (mean=0.29, 95% 
confidence limits 0.33, 0.26), see Figure 5. 1b. Passage number was analysed as a 
linear term, and there was no evidence of increasing or decreasing sex ratio over 8 
generations of ER and 12 generations of CR (=0.08, p>O.l), and there was no 
evidence that differences between clones differed over passages (interaction term, 
XI 2 =0.08, p>O.l). Replicate lines of the same clone did not differ in mean sex ratio 
(X=7.06, p>O.l), and there was no evidence that lines of the same clone changed 
their sex ratio consistently with passage number ( =5.67, p>0.1). 
Similar results were found in the virulence experiment, with CR showed a less 
female-biased sex ratio than ER (=l4.l1, p<0.001, Figure 5.2). The mean sex ratio 
(and 95% c.l.$) for CR in these infections was 0.40 (0.36, 0.43) and that for ER 





Figure 5.2 Gametocyte sex ratios of the five treatment groups in the 
virulence experiment. For each block (replicate) there were four mice in 
each treatment group. The error bars are +1 S.E. 
(ii) Sex ratios in mixed-clone and single-clone infections 
The second experiment comprised infections set up with ER, CR+ER, and 
CR+ER+AS parasites. Gametocyte sex ratio increased with the number of clones 
present in the infection (=4.13, p<0.05, Figure 5.3a). The treatment groups also 
differed in mean gametocytaemia (F1,33= 10.65, p'<O.Ol) with increasing numbers of 
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Figure 5.3 Gametocyte sex ratio (a) and gametocytaemias (b) in 
infections initiated with one (ER) two (CR and ER) or three (CR, ER 
and AS) parasite clones. The error bars are +1 S.E. 
For the virulence experiment, sex ratio did not vary between the three types of 
mixed-clone infections ( X2  =2.81, p>.0.05, Figure 5.2) or when all single-clone 
infections were compared with all mixed-clone infections (, =0.00, p>0.5, Figure 
5.4). However, mixed-clone infections had higher gametocytaemias than single-clones 
infections (F135=13.43, p<0.001) with this difference being larger in the second 
block (treatmentXblock interaction: F1,35=3.60, p0.07, see Figure 4.5 in Chapter 4). 
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Figure 5.4 The effect of mixed infections on sex ratio for the 
virulence experiment. The error bars are +1 S.E. 
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(iii) Sex ratio and gametocytaemia 
In all three experiments a positive correlation was found between sex ratio and 
garnetocytaemia ('X 2  =4.89, p<0.05 (first experiment), X2  =14.16, p<0.05 (second 
experiment) and p<0.05 (virulence experiment), Figure 5.5). For the first 
experiment, there was a significant difference in the intercept of this correlation for CR 
and for ER infections (=18.84, p<0.001), but no differences in the slopes 
(interaction term, X 1  2 =0.51, p>0.1, Figure 5.5a). For the second experiment, 
infections with one clone, two clones and three clones did not differ in their 
relationship between sex ratio and gametocytaemia for either the intercept (X2=1.  154, 
p>0. l), or the slope (interaction term y=0.51, p>0.1, Figure 5.5b). 
For the virulence experiment, once gametocytaemia had been controlled for, 
sex ratios of single-clone infections did not differ from those of mixed-clone infections 
(=2.07, p>O.!) and there was no evidence that the relationship with 
gametocytaemia differed between the two categories of infection (interaction term: 
2=1 .96, p>0.1). However, adding a term that separated all treatment groups (CR, 
ER, ICR:9ER, 5CR:5ER and 9CR:1ER) in the model significantly improved the fit to 
the data (=l5.27, p<O.Ol).  To investigate this more fully, single and mixed-clone 
infections were analysed separately. In both cases there was a significant correlation 
between sex ratio and gametocytaemia (=6.34, p<O.O5 and X=4.36, p<O.OS  for 
single-clone and mixed-clone infections respectively). After gametocytaemia was 
controlled for, CR infections had a higher sex ratio than ER infections (X=7.87, 
p<0.01), but the three different types of two clone infections did not differ in their sex 
ratios ( X2  =4.37, p.0.05). In neither case was a significant interaction between the 
correlation gametocytaemia and treatment found, showing that all slopes of the 
correlation were similar (p>0.05 in all cases, Figure 5.5c). 
The correlation between gametocyte density and sex ratio could have been 
generated by an increase in the production of male gametocytes. To test this, 
correlations of total gametocytaemia with male and female gametocytaemias were 
carried out. For all three experiments, total gametocyte density was strongly correlated 
to both male gametocytaemia(F1,51=49.28, p<0.001 (first experiment), F1,33=3 1.23, 
p<O.00l (second experiment), and F138=37.03, p<O.00I  (virulence experiment)) and 
female gametocytaemia (F1,5 i=50.33, p<zO.001 for the first experiment, F133=32.06, 
p'<O.00l for the second experiment, and F138=37.62, p<O.00l  for the virulence 
experiment). Interactions between male and female gametocytaemia were not 
significant (in all cases, p>0.05). Thus increased gametocyte density resulted from 
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Figure 5.5 	The correlation between gametocyte sex ratio and 
gametocytaemia for the first (a), second (b) and virulence (c) 
experiments. 
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Sex ratio and asexual parasitaemia 
Gametocyte sex ratio was not clearly related to asexual parasitaemia at the same 
point in the infection, with the two being correlated in the second experiment 
(=8.87, p<0.005) but not in the first (=O.44, p>O.i) or in the virulence 
experiment (x =1.24, p>0.1). For the second experiment, once asexual parasitaemia 
had been included in the model, there was no additional effect of treatment ( =0. 13, 
PA. 1). 
Sex ratio and infectivity 
Mosquitoes were allowed to feed on 14 two-clone mixed infections in the second 
experiment. Infectivity (measured as ln(mean oocysts per mosquito + 1)) was higher 
for infections with higher gametocytaemias, but this did not reach significance 
(F1,13=2.65, p>0. 1). However as larger numbers of infections are expected to show a 
significant correlation, this effect was controlled for, and the residual variance from 
this analysis calculated to analyse the effect of sex ratio on infectivity. Residual 
infectivity was correlated linearly to sex ratio (F1,13=5.83, p<z0.05), and the addition 
of a quadratic sex ratio term was a significant improvement on the model (F1,12=5.25, 
p<0.05). The fitted quadratic curve had its maximum at a sex ratio of 0.411 (Figure 
5.6). Without controlling for gametocyte density, infectivity was again correlated with 
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Figure 5.6 The effect of sex ratio on infectivity. The line shows the 
best fit quadratic term derived from the log-linear model. 
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(vi) Overdispersion in models of sex ratio 
If gametocyte sex ratio was entirely determined by the factors that were found 
significant in these analyses, then the amount of unexplained variance remaining in the 
models should be only that which arises by chance from the binomial distribution. This 
can be quantified using a Heterogeneity Factor (HF). HF is calculated as the residual 
variance from a binomial model divided by the residual degrees of freedom, with 
HF<l signifying less than binomial error, and HF>l signifying greater than binomial 
error. 
HF values were 1.63 (first experiment controlling for gametocytaemia and 
treatment), 2.08 (second experiment controlling for gametocytaemia), and 1.08 
(virulence experiment controlling for gametocytaemia and treatment). These values 
represented significant departures from binomial error for the first two experiments. 
5.5 DISCUSSION 
Sex ratios in single-clone P. chabaudi infections were variable, but were almost 
always female-biased, with on average about two male gametocytes to each female 
(mean sex ratio of 0.35). There were consistent differences between clones both within 
and between experiments. This suggests that there are genetic differences between 
clones in their gametocyte sex ratio. These may be due to the clones originating in 
populations with different rates of outcrossing, but detailed population surveys would 
be necessary to confirm this. 
In all three experiments gametocytaemia was positively correlated with 
gametocyte sex ratio. In single-clone infections, CR and ER both showed less female-
biased sex ratios when gametocytaemias were higher, but at any given density CR still 
showed a higher sex ratio than ER. This was shown for both the first and the virulence 
experiments, consistent with there being facultative changes in sex ratio in addition to 
genetic differences. As both female and male gametocytaemia were positively 
correlated with total gametocytaemia, production of extra males could not account for 
increases in both gametocytaemia and sex ratio. 
If facultative responses to the probability of local mate competition were an 
important determinant of sex ratio, then CR and ER single-clone infections should 
show similar mean sex ratios, and increasing numbers of clones in the infections 
should increase the sex ratio accordingly. In these experiments, after the effect of 
gametocytaemia on sex ratio was accounted for, neither of these effects were seen. It is 
possible that facultative responses are made in response to gametocytaemia which is 
used as an indicator of mixed parasite populations within the host. However, the 
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virulence experiment showed results conflicting with this hypothesis. Mixed infections 
had significantly higher gametocytaemias than singe-clone infections, but no 
corresponding increase in sex ratio. The reasons for this are unclear, particularly 
because the analyses for this experiment appear to explain the variance in sex ratio 
more fully than those for the first two experiments. 
Few other studies have examined the relationship between parasite density and 
sex ratio in malaria, and the limited data that does exist is equivocal. No relationship 
between sex ratio and asexual parasitaemia or gametocytaemia was found in 90 
samples from people with P. falciparum gametocytes (Robert et al. 1996), or between 
sex ratio and total parasite (asexual plus gametocyte) density for three species of lizard 
malaria , P. agamae, P. mexicanum and P. giganteum (Schall 1989) where 
gametocytes can comprise up to 50% of the parasites in the bloodstream. However, in 
a different lizard malaria, P. tropiduri, Pickering (1980) found that sex ratio of 
gametocytes was correlated with total parasite density, in line with the results of three 
separate experiments reported here. 
The gametocyte sex ratios found in these experiments are considerably less 
female-biased than those found elsewhere. Natural P. falciparum infections have 
shown mean sex ratios of 0.18 in Papua New Guinea (Read et al. 1992) and 0.22 in 
Cameroon (Robert et al. 1996), but the genetic heterogeneity of these infections was 
unknown. Few reports of sex ratio in cultured P. falciparum exist, but straight after 
being taken from patients sex ratios of 0.25 and 0.17 have been found (Ponnudurai et 
al. 1982; Read et al. 1995). For cloned parasites, sex ratios of less than 0.1 have been 
reported (Burkot et al. 1984; Ranford-Cartwright et al. 1993). Adapting parasites to 
culture is often associated with reductions in gametocyte production and often reduced 
male gametocyte functionality, so these estimates may be too low. It is interesting that 
the clones (derived originally from one parasite) show more female-biased sex ratios 
than the isolate (which may contain more than one parasite genotype). 
From the equation in Read et al. (1992) the evolutionary stable optimal sex 




where s, the selfing rate is the inverse of the number of clones in the host. r*  is subject 
to the condition that sufficient males are produced to fertilise all the females. It has 
more recently been shown that the relative proportion of the two clones within a mixed 
infection does not affect this optimal sex ratio (Nee & Read, in prep). The equation 
therefore predicts an optimal sex ratio of 0.25 for a two clone infection and 0.33 for a 
three clone situation. A minimum value of optimal sex ratio is determined by the 
number of female gametocytes that a male gametocyte can fertilize. 
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Thus the estimates of sex ratio for P. chabaudi reported here are less female-
biased than those observed for the human malaria parasites and those predicted from 
theoretical work. There are at least three explanations for this. First, the number of 
female gametocytes that a male gametocyte can fertilize is fewer than that for P. 
falciparum. In malaria, the process of male gamete formation is very fast and 
frequently non-functional gametes result (Sinden 1983). Estimates for P. falciparum 
vary, but on average between 5 and 8 viable male gametes probably result from each 
male gametocyte (Garnham 1966; Carter & Graves 1988). It is thought that male 
gametocytes of P. chabaudi release up to 8 male gametes as in P. falciparum, but there 
are no data relating to this, and if on average they produce considerably fewer, then 
this may explain the more male-biased sex ratio found in these experiments. Second, it 
is possible that the gametocyte sexing was biased towards males. This would not affect 
the conclusions regarding clone differences or facultative alterations, but would affect 
the actual values of sex ratio themselves. Third, P. chabaudi clones may be adapted to 
population structures where levels of outcrossing are higher than those from which the 
P. falciparum estimates were made. P. chabaudi is known to naturally occur as a 
chronic, low level infection, with mixed infections common. If single-genotype 
infections are rare in the natural environment of the parasite there may be no reason to 
expect adaptive behaviour under this situation in the laboratory. 
Interestingly, the P. chabaudi sex ratios are similar to those from the lizard 
malaria species P. mexicanum, P. agamae and P. giganteum, where natural infections 
are also chronic (Schall 1989). In P. mexicanum infections, considerable variation in 
sex ratios exists within and between infections and generally between 35 and 55% of 
gametocytes are male. In chronic infections the probability of another clone 
establishing in an already infected host is likely to be much higher than in more short 
lived infections. From the equation above, the mean sex ratios found for P. chabaudi 
clones CR and ER, 0.38 and 0.29, correspond to averages of 4.2 and 2.4 clones per 
host. These values are similar to the estimates of 1 to 3 clones per host based on 
isoenzyme analysis of P. chabaudi isolates from naturally infectedThamnomys rutilans 
(Carter 1978). 
The observations on infectivity are consistent with an optimal sex ratio of 0.41, 
considerably less female-biased than that expected for two clone mixed infections. 
Where an association between sex ratio and infectivity was found for P. falciparum, 
maximum infectivity was at sex ratios of around 0.4 (Robert et al. 1996). Sex ratios 
other than the optimum are associated with lowered infectivity, but as the sample sizes 
are small these results must be interpreted with caution. If this observation is correct 
however, all single-clone infections would be expected to have sex ratios of around 
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this value. The axes of Figures 5.5b and 5.5c suggest that most infections have too 
few male gametocyte to maximise transmission. The reasons for this are not obvious. 
After all significant effects were taken into account there was still more than 
random binomial variation left unexplained in the statistical models for first two 
experiments Although argued by Read et al. (1995) that gametocyte sex ratio 
(analogous to that in adult populations) should be tightly correlated with the primary 
sex ratio (on which selection acts) there may be some error introduced by this 
assumption. In addition, even with relatively large sample sizes, measurement errors 
cannot be ruled out. As all sex ratios presented here are derived from different mice, 
there may be considerable variation in sex ratio even amongst inbred mice, caused by 
unknown factors which have not been measured here. 
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Chapter 6 
Transmission from mixed-genotype and single-genotype 
P. falciparum infections 
6.1 ABSTRACT 
Laboratory-based experiments with the rodent malaria Plasmodium chabaudi 
have shown that gametocyte density and infectiousness to mosquitoes are greater in 
mixed-clone compared to single-clone infections. If such interactions occur within 
mixed-genotype infections of P. falciparum there are important consequences for the 
epidemiology and control of the disease. 
The hypothesis that mixed-genotype infections of P. falciparum give rise to 
increased transmission was tested by assessing oocyst burden and the number of 
genotypes in naturally fed mosquitoes. The number of genotypes was estimated by 
PCR analysis of two polymorphic genes, MSP-2 and GLURP. Overall, 9.8% of 
dissected mosquitoes were oocyst positive and 68% of these were carrying more than 
one genotype. 
Rooms where mixed-genotype infections were detected had a significantly 
higher proportion of infected mosquitoes, and the mosquitoes collected in them had 
significantly higher mean oocyst burdens, than rooms with only single-genotype 
infections. Across all rooms, the proportion of mosquitoes infected in a room was 
influenced by the number of children and the total number of people sleeping in it, but 
not the number of adults nor the proportion of people that were children. However, the 
increased infectivity found in rooms containing mixed-genotype infections could not be 
explained by differences in the numbers of children or people sleeping in them. More 
mosquitoes were sampled from rooms where mixed-genotype infections were 
detected, so the data must be interpreted with caution, but the results were consistent 
with the hypothesis. 
6.2 INTRODUCTION 
Mixed-clone infections of the rodent malaria, P. chabaudi have higher 
gametocyte densities and are more infectious to mosquitoes than single-clone infections 
(Taylor et al. 1997b, Chapter 2 and Chapter 4). Two possible mechanisms could 
account for these results. Conversion rate to gametocytes may be the same for all 
infections, but mixed-clone infections sustain higher asexual parasite densities during 
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the period of gametocyte production than do single-clone infections, and so might 
generate higher gametocyte densities. Alternatively, a clone which has asexual 
replication suppressed by a superior competitor within a mixed-clone infection may 
facultatively increase its conversion rate to gametocytes, increasing the total gametocyte 
density of the infection above that seen in single-clone infections. In either case, if 
similar processes occur in mixed-genotype P. falciparum infections, feedback between 
the frequency of mixed-genotype infections and the mean transmission rate within a 
population could have important implications for attempts to control the disease. If 
mixed-genotype infections contribute the majority of oocysts in a population, then 
small decreases in transmission rate may, through a positive feedback process, lead to 
more dramatic decreases in the future. 
The hypothesis that mixed-genotype infections of P. fakiparum show higher 
transmission rates than single-genotype infections was tested in the village of Tengeni 
in north Tanzania. Transmission was assessed directly by collecting naturally fed 
mosquitoes in the village. The study was carried out at the end of the rainy season 
(May to June 1996) when the proportion of mosquitoes infected with malaria is at a 
maximum. 
Freshly fed mosquitoes were collected in the early morning, as they rested on 
house walls and roofs, and maintained in an insectary for 8 to 9 days. Mosquitoes 
were then dissected and the number of oocysts which had developed on each gut 
recorded. Whole guts were stored and used to determine the number of alleles present 
for each of two polymorphic genes, the merozoite surface protein 2 (MSP-2) and the 
glutamate rich protein (GLURP). Malaria parasites in the human host are haploid, and 
as there is only one copy of these genes in the genome, the number of bands produced 
after PCR should reflect the minimum number of genotypes of P. falciparum 
transmitted to the mosquito. Transmission, measured as the proportion of mosquitoes 
carrying oocysts and their mean oocyst burden, was calculated from all mosquitoes 
collected in a room. Transmission from rooms was related to the number of people 
sleeping in them, and compared between rooms where mixed-genotype infections were 
detected and those where they were not. 
6.3 MATERIALS AND METHODS 
(i) Study site 
Tengeni is situated about 5 km from the town of Muheza in North Tanzania. 
This is an area of intense year-round malaria transmission which peaks during May 
and June, when mosquito infection rates are at their highest. 
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Mosquito collection and dissection 
Freshly fed Anopheles gambiae and An. funestus mosquitoes were collected 
from the walls and roofs of houses in the morning (between 08:30 and 10:30). All 
mosquitoes from a particular room were collected into one or more net-covered paper 
cups. The number of adults and children who had slept in that room the previous night 
was also recorded. The cups of mosquitoes were maintained in an insectary at ambient 
temperature and raised humidity for 8 to 9 days to allow development of oocysts. 
Midgut dissections were then performed using disposable glass dissecting needles and 
the oocyst burden of each mosquito determined by examination under a light 
microscope (020). Positive guts were stored for later analysis. 
Midgut processing 
Oocyst positive midguts were transferred using clean dissecting needles to 
0.5ml Eppendorf tubes containing 50.tl of oocyst lysis buffer (100mM NaCl, 25mM 
EDTA pH8.0, 10mM Tris-HC1 pH8.8, 0.5% Sarkosyl, 1mg1mi Proteinase K), 
incubated at 55°C for one hour and then stored at -20°C for transportation back to 
Edinburgh. Samples were thawed and DNA prepared from whole guts using the 
phenol: chloroform technique of Ranford-Cartwright et al. (1991). In each case, 
precipitated DNA was dissolved in 10111 double distilled water. 
PCR of antigen genes 
Nested amplification of the merozoite surface protein 2 (MSP-2) and the 
glutamate rich protein (GLURP) was carried out. The primers have been used 
extensively in field surveys of P. falciparum (eg. Borre et al. 1991; Babiker et al. 
1994b; Paul et al. 1995) and show a high degree of size polymorphism. Primer 
sequences (5' to 3') were 
MSP-2 (outer) GAAGGTAATIAAAACATFGTC 
and GAGGGATGfl'GCTGCTCCACAG 
(nested) GAGTATAAGGAGAAGTATG 
and CTAGAACCATGCATATGTCC (all four from Foley et al. 1992). 
GLURP (outer) ACATGCAAGTGTFGATCC (Paul et al. 1995) 
and GATGG1TFGGGAGTAACG (Paul et al. 1995) 
(nested) TG 	CGAAGATGTTCACACTGAAC(Borre et al. 199 1) 
and TGTAGCTACCACGGG11TCTTGTGG (Viriyakasol et al. 1995) 
Amplifications were carried out in 20111 reactions, with 1111  of DNA prepared from a 
whole midgut (outer reactions) or 1111  of the outer reaction PCR product (nested 
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reactions). These reactions contained lx PCR buffer (supplied with DyNAzyme H 
enzyme), 1.5mM M902, 150pM dATP, 15011M dTTP, 150p.M dCTP, 130iM 
dGTP, 20p.M 7-deaza dGTP, lOOnM of each primer and 1 unit of DNA polymerase 
(DyNAzyme II). For MSP-2 amplification the outer PCR programme was 30 cycles of 
94°C for 25 secs, 42°C for 1 mm, 65°C for 2 mins, then 65°C for 10 minutes and the 
nested programme was 30 cycles of 94°C for 25 secs, 50°C for 1 mm, 70°C for 2 
mins, then 70°C for 10 mins. For GLURP amplification the outer PCR programme 
was 35 cycles of 94°C for 25 secs, 45°C for 1 mm, 68°C for 2 mins, then 68°C for 
10 mins and the nested programme 30 cycles of 94°C for 1 mm, 55°C for 2 mins, 
70°C for 2 mins, then 70°C for 10 mins. PCR products were run out on a 2% agarose 
in TAE gel, and visualised using ethidium bromide. The number of bands produced 
with primers to each gene was recorded. Some samples contained higher quantities of 
P. falciparwn DNA due to the mosquito having a higher oocyst load. As all PCR 
reactions were done blind this was not taken into account, and the amplifications of 
some samples had to be repeated using less DNA (0.2p1 in the outer reaction, and 
transferring 0.5p1 of this product to the nested reaction). 
Gut samples dissected 8 or 9 days after feeding should contain only alleles 
which are present in the oocysts, as other blood stage parasites which fail to develop 
into oocysts are not longer detectable by PCR after 5 days post feed (Huber 1995). 
(v) Analysis 
The largest number of identifiable alleles of either the MSP-2 or the GLURP 
gene was taken as the number of genotypes carried by a mosquito. However, the 
number of genotypes present in a mosquito assessed by this method will only 
represent a minimum estimate. Two or more PCR products of the same size but with 
different sequences are not distinguishable, and alleles detected in the mosquito at one 
locus cannot be paired with those at another. For example, if two alleles are detected at 
each of two locus in a mosquito sample, there may be 2,3 or 4 genotypes of asexual 
parasites which contributed to the infection. In addition, very rare alleles may fail to 
amplify a band (Mercereau-Puijalon 1996). 
For each room, the maximum number of genotypes carried by any mosquito 
found within that room was used to categorise rooms into those that contained only 
single-genotype infections (maximum = 1) and those containing mixed-genotype 
infections (maximum> I). 
Oocyst numbers per mosquito are well described by the negative binomial 
distribution (Medley et al. 1993) which is defined by the mean and the overdispersion 
parameter (k). The value of k was estimated from the distribution of oocysts in infected 
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mosquitoes using a GLIM macro (Crawley 1993). Oocyst numbers from individual 
mosquitoes were analysed using log-linear models with negative binomial error 
structure (Crawley 1993) with oocyst number as the response variable and the 
mosquito species as the predictor variable. Significance in this model was assessed 
using the F-ratio as the term was removed from the model (Crawley 1993). 
Two measures of the transmission rate from rooms were analysed; the 
proportion of mosquitoes infected and the mean oocyst burden of all mosquitoes 
collected from the room. These were used as response variables in log-linear models, 
with binomial errors for the proportion of mosquitoes infected and normal errors for 
the (log transformed) mean oocyst burden. The number of people, adults and children 
and the proportion of people that were children (the latter arcsine transformed prior to 
use) were used as continuous predictor variables and the effect of mixed infection as a 
predictor variable with two levels; single and mixed-genotype. In binomial models 
overdispersion was corrected for using William's correction (Crawley 1993). 
To control for the unequal numbers of mosquitoes from each room analysed by 
PCR, two methods were employed. The first weighted the data by the number of 
mosquitoes prior to the analysis. The second used the PCR result from only one 
mosquito chosen at random from those analysed from each room. This later approach 
altered the number of rooms where mixed infections were detected. As the first method 
was not possible using a binomial models, the significance of the adjustments to the 
data was assessed for both the proportion of mosquitoes infected and their oocyst 
burdens using ANOVAs. 
6.4 RESULTS 
In total, 2,954 mosquitoes from 93 different rooms were dissected. Mosquito 
collections from 30 of these rooms, where a total of 39 adults and 43 children slept, 
carried no infections at all. Collections from the remaining 63 rooms, where a total of 
79 adults and 119 children slept, showed at least one infected mosquito per room. 
Thus at least 47% of adults and 26% of children were apparently uninfectious to 
mosquitoes at the time of sampling. Overall, 289 (9.8%) mosquitoes were oocyst 
positive of which 265 were stored and 139 from 48 different rooms were analysed by 













a 	 CD 	 CD CD 
	 CD CD 
01 "   01 01 01 0) g 	0) 05 
Number of oocysts 
Figure 6.1 The distribution of oocyst burden in all infected mosquitoes. 
(i) Oocyst burdens and proportion of mosquitoes infected 
Assuming a negative binomial distribution, the 265 positive guts stored had a 
mean±se of 3.40±0.21 oocysts. The maximum number of oocysts recorded on any gut 
was 43, with most guts showing fewer than five oocysts (Figure 6.1). The distribution 
of oocyst burdens of positive mosquitoes (Figure 6.1) showed more than binomial 
error, with an overdispersion parameter, k, of 0.336. An. ganthiae mosquitoes carried 
on average slightly more oocysts than An. funestus mosquitoes (3.52±0.25 and 
2.73±0.47 respectively) but their oocyst burdens did not differ significantly 
(F1,2=2. 142, p>0.05). Mosquitoes of both species were therefore analysed together. 
The subset of mosquitoes analysed by PCR had a mean±se of 4.23±0.42 oocysts. 
For the 93 rooms from which mosquitoes were dissected, the mean (±se, 
range) oocyst number per mosquito was 0.27(±0.054, 0 to 3.96) and the mean (95% 
confidence limits, range) proportion of mosquitoes infected was 0.084 (0.10, 0.07, 
0.00 to 0.40). The proportion of mosquitoes infected was strongly correlated with the 
mean oocyst burden of the mosquitoes 
(X2 =54.77, p<O.Ol, Figure 6.2), as has 





























Figure 6.2 The correlation between the mean oocyst burden of all 
mosquitoes collected in a room and the proportion of them infected. 
(ii) Transmission and the number of room occupants 
The total number of people sleeping in a room varied between one and seven, 
with a maximum of three adults. The mean oocyst burden of mosquitoes collected 
from a room was not affected by the total number of people, the number of adults, or 
the number of children sleeping in the room (F1,88=0.12, p>0.05, F1,88=0.17, 
p>0.05 and F1,88=0.02, p>0.05 respectively). The proportion of collected mosquitoes 
that were infected was not affected by the number of adults in the room (=O.O2, 
p>0.05), but significantly increased as the number of people (X2  =5.42, p<0.05) and 
the number of children ('X2  =6.48, p<0.05, Figure 6.3) sleeping in the room increased. 
Neither the mean oocyst burden nor the proportion of infected mosquitoes was altered 
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Figure 6.3 The relationship between the proportion of mosquitoes 
infected in a room and the number of children sleeping in it. 
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(iii) The effect of mixed infection on transmission. 
Of the 139 mosquito midgut samples analysed for the two polymorphic gene 
markers, one genotype was detected in 44, two genotypes in 60, three genotypes in 33 
and four genotypes in 2. On average slightly more alleles of MSP-2 were detected per 
mosquito (mean= 1.77) than alleles of GLURP (mean= 1.47). Mosquitoes analysed by 
PCR came for 48 rooms, where the highest number of genotypes recorded was one for 
11 rooms, 2 for 14 rooms, 3 for 23 rooms and 4 for 2 rooms. Therefore at least 
68.4% of all infected mosquitoes and 77% of rooms contained mixed-infections. 
Rooms where only one allele of each gene was detected in all the mosquitoes 
analysed by PCR were taken to contain only single-genotype infections. This group 
was compared to rooms containing at least one mixed-genotype infection, where at 
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Figure 6.4 The proportion of mosquitoes infected (a) and their mean 
oocyst burdens (b) in rooms harbouring only single-genotype 
infections and those with at least one mixed-genotype infection. Error 
bars represent +1 S.E.. 
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Mosquitoes collected from rooms in which mixed-genotype infections were 
detected were twice as likely to be infected as were those collected from rooms where 
only single-genotype infections were detected. (X2 = 7.11, p<z0.05, Figure 6.4a). The 
mean number of oocysts per mosquito was also significantly higher for rooms with 
mixed-genotype than for rooms with only single-genotype infections (F1 ,47=6.02, 
p<0.05, Figure 6.4b). Rooms with mixed-genotype infections did not differ from 
rooms with only single-genotype infections in the numbers of people, adults or 
children or in the proportion of people that were children (Table 6.1). 
Rooms with single- 	Rooms with mixed- 
Parameter 	 genotype infections only genotype infections 
(n=l 1) 	 (n=37) 
Proportion mosquitoes infected 	0.072 (±0.02) 	0.141 (±0.01) 	* 
Mean oocysts /gut 
Number of people 
Number of adults 
Number of children 
Prop. of people that were children 








0.35 (±0.03) * 
3.34 (±0.32) 	n. s. 
1.31 (±0.158) n. s. 
2.03 (0.27) 	n. s. 
0.54 (±0.06) n. s. 
45.162 (±2.84) 	* 
No. mosquitoes analysed by PCR 	1.00 (±0.00) 	3.459 (±0.40) ** 
Table 6.1: Comparison of rooms with single-genotype infections only to 
those with mixed-genotype infections. Tabulated values are the mean(±se) 
and the final column shows the significance of the difference; n.s. not 
significant, * p<0.05, **p<O.Ol. 
However, rooms where only single-genotype infections were detected were 
those in which significantly fewer mosquitoes were dissected and analysed by PCR 
(Table 6.1). The former was unlikely to have affected the results, as it would only 
have made the transmission estimates less accurate. To account for any effect of the 
number of mosquitoes analysed by PCR from each room, the analyses were repeated 
using two different methods to control for the bias (see methods for details). After 
weighting the data by the number of mosquitoes, rooms harbouring mixed infections 
still showed significantly higher proportions of mosquitoes infected (F1,47=6.07, 
p<z0.05) and significantly higher mean oocyst burdens (F1,47=6.19, p<0.05) than 
rooms with only single-genotype infections. After equalising the numbers of 
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mosquitoes, mixed-genotype infections were detected in only 29 rooms, 8 fewer than 
when the full dataset was used. Using the data from all 48 rooms, rooms where 
mixed-genotype infections were detected no longer harboured higher proportions of 
infected mosquitoes (F1,47=0.165, p>0.5) or mosquitoes with higher oocyst burdens 
than those where only single-clone infections were detected (F1,47=0.33, p>0.5). 
However, eight rooms were included in the single-genotype category in this analysis 
for which there was evidence that they harboured mixed-genotype infections. When 
these rooms were excluded, the proportion of mosquitoes infected was marginally 
significantly higher for rooms harbouring mixed infections compared to those 
harbouring only single-genotype infections (F1,39=4.049, p0.07). The oocyst burden 
of mosquitoes collected from rooms with mixed-genotype infections was also 
marginally significantly higher than that for showed that for rooms single-genotype 
infections only (F1 39=3.967, p0.07). 
6.5 DISCUSSION 
Mosquitoes from rooms in which mixed-genotype infections were detected 
showed a significantly higher proportion of infected mosquitoes, and these mosquitoes 
also had significantly higher oocyst burdens, than those from rooms where only 
single-genotype infections were detected. The difference in transmission rates was not 
associated with any differences in the number of people, adults or children sleeping in 
the room nor the proportion of people sleeping in the room that were children. These 
data are consistent with the hypothesis that mixed-genotype infections are more 
infectious than single-genotype infections. 
Across all rooms, transmission to mosquitoes was influenced by the total 
number of people and the number of children in a room, rather than the number of 
adults. A larger number of people in the room may harbour more transmitting 
infections, and hence infect a higher proportion of mosquitoes. Infectivity may 
correlate with the number of children more strongly than with the total number of 
people because children form the majority of the human population transmitting malaria 
to vectors. However, there was less variation in the number of adults per room (range 
0-3) than the number of children (range 0-5), so that it is not possible to rule out the 
number of adults as a determinant of transmission. All rooms where over 20% of 
mosquitoes were infected contained children, but rooms without children could still 
infect up to 17% of mosquitoes (Figure 6.3). This suggests that both adults and 
children were making significant contributions to the transmission of malaria. 
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Overall, in 68% of mosquitoes mixed-genotype populations of oocysts were 
detected. These mosquitoes are likely to develop mixed infections of sporozoites, and 
hence most bites which initiate infections in this area could contain more than one 
genotype. Genotyping of whole mosquito guts with more than one oocyst has not been 
reported previously. However, the most similar studies give estimates of mixed-
genotype infections very similar to those obtained here. Mosquitoes with single 
oocysts collected in two separate studies in a village in south Tanzania showed that 23 
out of 36 and 45 out of 71 mosquito guts carried heterozygote oocysts derived from 
two different genotypes (Babiker etal. 1994a and Babiker etal. 1994b respectively). It 
is possible that in this area of high transmission intensity, almost all mosquitoes carry 
mixed-genotype sporozoite loads. 
Analysing transmission from rooms, rather than on an individual mosquito 
basis, avoids potential problems of pseudoreplication due to mosquitoes which fed on 
the same person. However, there are additional difficulties which need to be 
considered. These affect the accuracy of the data and decrease the likelihood of finding 
a difference between rooms with mixed-genotype and single-genotype infections, and 
make the tests more conservative. First, some rooms may have been classified 
wrongly if interrupted feeding had occurred. A mosquito which had had an interrupted 
feed, on two different single-genotype human infections, would apparently transmit a 
mixed-infection. Between 3% and 10% of mosquito blood feeds are thought to be 
taken from two or more different hosts (Boreham & Garrett-Jones 1973; Boreham et 
al. 1979; Port et al. 1980), and this has been shown to be important in increasing 
transmission of malaria from mosquitoes to the human population (Conway & 
McBride 1991). No estimates of the proportion of mosquitoes which develop oocysts 
derived from two different hosts exist, but as not all hosts on which interrupted 
feeding occurs will be infectious, this is likely to be small. Second, rooms where at 
least one mixed-genotype infection was detected probably also contained single-
genotype infections which infected mosquitoes. Third, there were more rooms with 
mixed-genotype infections sampled, and from these rooms mosquitoes were 
significantly better sampled, in terms of the number dissected and the number analysed 
by PCR. This could affect the accuracy of the transmission measures, and also the rate 
of detection of mixed-genotype infections. The latter of these is potentially a more 
serious problem. If the hypothesis that mixed-genotype infections are more infectious 
to mosquitoes is true, then it is to be expected that mixed-genotype infections will be 
over represented in any sampling, but the possibility that biased sampling in this 
dataset has generated an artefactual result cannot be ruled out. However, after repeating 
the analyses controlling for this bias, the increased transmission from the rooms with 
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mixed-genotype infections was still significant and it seems unlikely that the sampling 
bias has affected the conclusions dramatically. 
Implicit in this method of analysis is that mixed-genotype infections in the 
human host transmit more than one genotype to mosquitoes. This is certainly true for 
the laboratory based P. chabaudi work (Taylor et al. 1997a, Chapter 3). In P. 
falciparum the situation is complicated by the fact that gametocytes take much longer to 
mature, around 10 days (Smalley 1976) compared to around 2 days in P. chabaudi 
(Gautret et al. 1997). Genotypes present in the asexual infection may not transmit if 
they have only very recently been acquired. A small study looking at infected people 
sleeping under bednets in south Tanzania found that some but not all parasites detected 
in the blood were transmitted to mosquitoes (Huber 1995). Apart from this study 
which involved only a few mosquitoes per infected host, there has been no work on 
how many of a mixture of genotypes in natural blood infections of P. falciparum are 
transmitted to mosquitoes. 
What the data presented here suggest is that when two or more genotypes 
interact during the period when they are both infectious to mosquitoes, the result is 
increased transmission. For P. chabaudi in mice, increased transmission is correlated 
with increased gametocyte density, not increased infectivity per gametocyte (Taylor et 
al. 1997b, Chapter 2). Whether this is also observed in P. falciparum is not known, 
although as no heterozygote advantage has been detected in natural populations and 
random mating appears to occur (Babiker et al. 1994b), increases in gametocyte 
density seem the most likely mechanism. 
This simple approach has provided data on P. falciparum which are consistent 
with the results of laboratory experiments using P. chabaudi. Further work is needed 
to confirm these results, in particular to test the hypothesis in different areas of malaria 
transmission and at different transmission intensities. One less natural, but potentially 
more powerful test would be to allow mosquitoes to feed on people carrying known 
numbers of malaria genotypes and see if those with mixed-genotype infections show 
increased transmission compared to those with single-genotype infections. Another test 
would be to see whether people carrying mixed-genotype infections had on average 
higher gametocyte densities than those with single-genotype infections. 
If the hypothesis stands up to further tests, and mixed-genotype infections are 
more infectious than single-genotype infections across different transmission intensity 
areas, then a positive feedback process exists between transmission rate and the 
frequency of mixed infections in the population. Initial reductions in transmission 
could lead to fewer mixed-genotype infections in a population, and then the average 
transmission level from future infections could become reduced even further. If, for 
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any reason, transmission rates were rising in an area (eg. when control programmes 
are relaxed), this self-reinforcing process could also work in reverse. As the frequency 




The results and how they relate to the theoretical predictions are discussed in 
detail in the relevant chapters, and this is not repeated here. The purpose of this chapter 
is therefore to summarise all the results briefly, highlight the questions that remain 
unanswered, and suggest how they might be approached. 
7.1 PRINCIPLE FINDINGS 
Mixed-clone infections of P. chabaudi produced more gametocytes than single-
clone infections in four separate experiments (Chapters 2 to 5). In both experiments 
where infectivity to mosquitoes was analysed, mixed infections were more infectious 
than single-clone controls. The transmission success of clones within mixed infections 
was not correlated with dominance of the asexual infection. In fact, clones which 
started as the minority of the inoculum could dominate the transmission from 
infections. Clones which dominated the asexual infection in mixed infections 
transmitted as well as they did from single-clone control infections. However, clones 
that had their asexual replication suppressed in mixed infections could transmit 
substantially more successfully than they did from single-clone control infections 
(Chapter 3). Transmission from infections was strongly correlated with gametocyte 
density, but also with asexual density at the end of the infection (Chapter 2). Some 
field evidence consistent with mixed-genotype infections of P. falciparum being more 
infectious to mosquitoes than single-genotype infections was also found (Chapter 6). 
Virulence was higher in mixed-clone infections than it was in single-clone 
infections initiated with the same total number of parasites (Chapter 4). Asexual 
parasite replication rates and the total number of asexual parasites during the infection 
were not consistently higher in mixed infections. Virulence was correlated with 
parasite replication rate, but for the same parasite replication rate mixed-clone 
infections were more virulent than single-clone infections. 
Gametocyte sex ratios showed considerable variation, but consistent 
differences between clones. Sex ratios were higher in mixed-clone infections than in 
single-clone infections in one experiment, but not in another. Instead, gametocyte 
density was a strong predictor of sex ratio for all three experiments analysed (Chapter 
5). 
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7.2 QUESTIONS ARISING 
(i) Interaction between clones 
How do clones interact within mixed infections? 
One of the most fundamental questions raised is how the clones were 
interacting within mixed infections. Host immunity could play a critical role in 
generating both asexual parasite dynamics and the increased transmission from mixed 
infections. If immunity in P. chabaudi is partially clone-specific, as suggested by Jarra 
& Brown 1985 and Snounou et al. (1989), then mixed-clone infections could be able 
to sustain higher asexual parasite densities than single-clone infections during the later 
period of the infection. Applying clone-specific antibodies to mixed infections would 
be expected to alter patterns considerably if host immunity is a critical determinant of 
these dynamics. 
Are the interactions observed in these experiments general? 
These experiments have for the most part considered the effects of mixed 
infections on just two clones of P. chabaudi. Although there is no reason to think that 
different clones will behave in a quantitatively different manner, this should be tested. 
What constitutes competitive ability? 
New combinations of clones may produce a wider range of infection dynamics, 
facilitating an investigation into what constitutes competitive ability in mixed-clone 
infections of P. chabaudi. Relatively small differences in asexual replication rate may 
confer an advantage. To investigate this, the relative successes of clones should be 
followed in mixed infections initiated with equal numbers of parasites of two clones. It 
is also possible that strains differ in their ability to delay the onset of host immunity, or 
persist in the face of immune attack. If interactions with the host immune responses 
were important, competitive advantages should be lost in immunocompromised hosts. 
Competitive ability may be favoured by natural selection if it prevents minority 
parasites from being excluded from transmission populations entirely, or if it allows 
majority clones to persist until gametocyte production can be initiated. 
Why are so many asexual parasites produced? 
If asexual dominance at the end of the infection is the only determinant of 
transmission success, then an enormous amount of parasite resources are spent 
producing apparently useless asexuals which die within the host. These asexuals may 
be important in allowing a parasite to establish an infection which is capable of 
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transmitting, perhaps because asexual parasites cause immune distraction or 
immunosuppression. If this were so, infections that reached only low peak 
parasitaemias should show much reduced levels of transmission. 
What happens in more complex infections? 
Further investigation of the effect of more complex mixed infections 
(containing three or more distinct clones) may shed light on the nature of interactions 
more similar to the field situation. In natural P. falciparum populations up to nine 
genotypes (Thaithong et al. 1984) and averages of two (Conway et at. 199 1) and four 
genotypes (Paul et at. 1995; Babiker et al. 1994b) have been found in population 
surveys. 
What determines virulence in infections? 
More complex infections could also be used to test the hypothesis that mixed 
infections are more virulent due to their genetic complexity. If immune responses to 
different clones are distinct, and each imposes its own cost on the host, then infections 
with more distinct genotypes should result in higher virulence. 
(ii) Gametocyte production 
What limits gametocyte production? 
If gametocyte density is positively correlated with infectivity to mosquitoes, 
then a fundamental question is why are so few parasite resources are directed towards 
gametocyte production? (discussed in Taylor and Read 1997, see thesis appendix). 
Gametocyte densities higher than those seen in single-clone infections can be 
produced, so why has natural selection not favoured clones which maximise 
gametocyte density? If anti-gametocyte immunity that renders gametocytes uninfective 
can be generated within an infection, this could select for low gametocyte densities 
(Taylor and Read 1997). Such a hypothesis could be tested by manipulating 
gametocyte production using chemicals such as phenyihydrazine, inoculating extra 
gametocytes or applying gametocyte specific antibodies during infections, and 
studying resulting gametocyte production and infectivity. Changes in the gametocyte 
production imply that facultative changes are occurring as a result of gametocyte 
densities within an infection, whereas changes in their infectivity need not. It may be 
that it is the ratio of gametocytaemia to asexual parasitaemia rather than the absolute 
gametocytaemia that prevents gametocytes from stimulating an immune response from 
the host that reduces their infectivity. 
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Why does sex ratio correlate with gametocyte density? 
Why gametocyte sex ratio should be correlated with gametocyte density 
remains unresolved. Gametocyte density can be increased in mixed infections and 
could potentially be used by parasites as a cue for increased local mate competition. 
However, ranges of gametocyte density for single-clone and mixed-clone infections 
show considerable overlap, and cannot be precise indicators of genetic complexity in 
the infection. The cues which result in increase gametocyte density in mixed infections 
are unknown, but it is possible that these are also used by parasites to alter sex ratio. 
7.3 IMPLICATIONS FOR THE FIELD 
There are several reasons why the results found in the P. chabaudi 
experimental system may not be applicable to field populations of malaria species 
which infect humans. If P. chabaudi is closely related to other rodent malaria species, 
then it is phylogenetically quite distant from P. falciparum (Waters et al. 1991). P. 
falciparum also establishes lower parasitaemias which are probably more chronic in 
nature than an experimental P. chabaudi infection. In addition heterogeneity in human 
host populations with respect to factors such as innate susceptibility (Hill et al. 1992), 
nutrition and immune status may overwhelm any consequences of mixed infection. 
There is certainly evidence that virulence in human malarias is related more to previous 
exposure of hosts to malaria infection than to any effect of genetic heterogeneity itself 
(Mercereau-Puijalon 1996). However, there is no indication of whether theses aspects 
of host heterogeneity are strong enough to mask effects of mixed-genotype infection 
on parasite life history strategy. 
To be certain of the relevance of these findings to the human malarias they need 
to be tested as directly as possible in the field. Methods will of course be indirect, but it 
is possible to form hypotheses about correlations that should be found in the field if the 
findings of these experiments do in fact apply to human malarias. One hypothesis 
arising from this work, that mixed-genotype infections of P. falciparum show greater 
infectivity to mosquitoes than single-genotype infections, was tested in North 
Tanzania. The methods were indirect, and sample sizes relatively small, but the results 
were consistent with the laboratory findings. Measuring gametocyte density and 
infectivity to mosquitoes of hosts carrying known numbers of genotypes would be a 
more direct approach to confirm these results. Experiments involving feeding 
mosquitoes on infected human volunteers are not easy, but have been done before (eg. 
Gamage Mendis et al. 1992; Tchuinkam et al. 1993; Robert et al. 1996). Measuring 
genetic heterogeneity in blood infections is relatively easy (Babiker et al. 1994b; Paul 
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et al. 1995). Whether other findings regarding sex ratio and the virulence of the 
infection also apply to mixed-genotype P. falciparum infections remains to be seen. 
7.4 THE EVOLUTIONARY PERSPECTIVE 
The experiments reported here were designed to test theoretical expectations 
about parasite life history. In some areas the predictions have been supported, but in 
many cases data did not fit theoretical assumptions about the mechanisms that 
generated them. Despite this, novel results have been found, some with important 
implications for the management of malaria in the field situation. Thus, an evolutionary 
approach has yielded interesting and in some cases unexpected results about the basic 
biology of malaria parasites. 
It remains to be seen whether the primary contribution of evolutionary biology 
to parasitology will be its theoretical predictions, or the insights gained from the novel 
experimental approaches required to examine them. 
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Appendix I 
Data from Chapter 6 
In total 2,954 mosquitoes were disected and 289 contained oocysts. A 
histogram of oocyst burdens is given in Figure 6.1. A total of 157 whole mosquito 
guts (some without oocysts) were analysed by PCR, the results of which are given in 
the table below. 
Tanzanian mosquito PCR results 
Each line of data corresponds to a whole mosquito gut. The room from which 
the mosquito was collected, its species (1=Anopheles funestus, 2=Anopheles 
gambiae), and the number of oocysts found by dissection were recorded. The number 
of alleles of MSP-2 and GLURP detected by PCR analysis were also recorded and 
number of genotypes the mosquito was carrying taken as the larger of these two. 
sample number of alleles number of 
number room species* oocysts MSP-2 GLURP genotypes 
3 3 2 3 3 1 	 3 
4 5 2 11 1 1 1 
6 9 2 2 2 1 2 
7 9 2 4 2 2 2 
10 10 2 : 	 2 2 1 2 
1 2 12 2 2 1 1 1  
14 12 2 14 3 2 3 
15 12 2 1 3 2 3 ....................
1 8 12 2 2 2 1 2  
19 12 2 6 3 . 1 3 
. 3 15 2 0 	0 0 0 
.8 12 2 0 0 0 0 
29 i..2 2 1 	1 1 1 
30 15 2 1 2 2 2 
31 20 2 10 1 1 1 
34 20 2 0 0 0 0 
35 20 2 3 3 1 3 
37 20 2 2 2 	 1 2 
38 20 2 1 3 1 	 3 
40 20 2 4 2 1 2 
41 20 2 2 1 1 1 
42 ..?.0 ..........2 	... 2 1 j 2 
43 20 2 0 0 0 0 
45 .20 2 3 1 1 1 
47 
................. 
20 	1 2 7 	2 	 1 	 2 
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sample : 	number of 	alleles inumber of 
number room specie& oocysts MSP-2 GLURP genotypes 
48 19 2 0 1 2 2 
50 21 2 1 	1 2 2 
56 23 2 6 4 3 4 
57 23 2 1 : 	2 1 2 
58 23 2 1 2 1 2 
59 23 	2 1 2 2 2 
61 25 2 0 0 1 1 
65 27 	2 1 1 1 1 
68 28 2 1 ..2 2 
69 28 2 1 1 1 1 
72 28 i 	2 0 1 1 1 
73 36 2 1 1 3 3 
75 36 2 	4 2 1 2 
76 36 2 0 2 1 2 
77 36 2 1 1 1 1 
82 34 2 9 3 1 3 
83 34 2 1 3 1 3 
84 34 2 0 2 0 2 
86 39 1 2 3 2 3 
87 40 2 6 1 1 1 
88 42 2 4 2 1 2 
89 44 2 1 1 1 1 
91 44 2 1 3 1 3 
92 44 2 5 2 3 3 
93 44 2 5 2 ................................................................................................................................................................... 1 2 
95 44 2 	0 0 0 0 
96 44 	2 1 2 1 2 
99 44 i 2 4 1 1 1 
.00 44 	- 2 0 1 1 1 
102 45 2 16 2 : 	2 2 ....03 
45 2 4 1 1 1 ....09 
.47 2 1 1 1 1 
110 50 2 6 2 2 2 ..................................... 
112 50 2 1 2 	 2 2 
.
114 50 2 20 1 ................................................................................................................................................................... 2 2 
116 52 2 22 1 1 1 
117 52 1 15 2 2 2 
120 52 2 2 1 	2 3 3 
.21 52 2 0 0 0 0 
123 52 2 2 	2 1 2 
124 52 1 2 2 3 3 ................. 	
133 52 2 5 1 ....................................................................................................................................................................... 1 1 
134 52 2 0 3 1 3 
135 52 1 	. 6 2 1 2 




number of 	alleles Inumber of 
number room speciesoocysts MSP-2 GLURP genotypes 
138 52 2 1 1 : 	 2 2 
139 54 	2 4 3 3 3 
146 
............................................................... 
55. 1 1 1 1 1 
148 55 1 	2 1 0 0 0 0 
150 58 2 	2 1 1 1 
1 •• 1 • ......c.......... . .g 9 ................. 
. 
.153 . 60 1 1 2 1 2 
154 60 2 27 4 1 4 
155 60 1 1 1 2 2 
156 60 2 : 1 1 1 	 1 
163 60 2 1 2 2 2 
165 60 2 1 	1 2 	 2 
166 60 2 1 2 2 2 
170 63 2 1 1 1 1 
172 64 2 1 1 	2 2 	 2 
174 64 2 43 2 1 2 
175 64 2 0 	0 0 	 0 
177 64 2 1 3 1 3 
179 66 2 3 	2 1 2 ........................................... 
181 66 2 
j... ........................................................................................................................................... 
0 2 3 3 
182 66 2 1 2 2 2 
183 68 2 2 	1 1 1 
185 68 2 1 2 2 2 
188 68 2 2 1 1 1 
191 68 1 	2 1 1 2 2 2 
193 66 ................................................................ 2 - 1 1 1 C. ........................................................................................................................ 1 
194 66 2 6 	1 1 	 1 
198 72 2 1 1 1 1 
200 71 	1 1 6 	2 	 1 	 2 
204 74 1 1 3 1 3 
206 76 2 1 2 3 3 
207 ...........  .......... . 75 2 .............  ..... .......  . ....... .............. 2 ......... ................ 2 2 C................................. ................................. 2 
208 75 	2 2 
..................
1 1 1 
209 75 2 1 1 2 2 
210 75 2 3 1 1 1 
213 75 2 2 2 2 2 
215 74 1 1 3 1 3 
.17 74 2 2 1 1 1 
219 Ti 2 1 2 2 2 
224 80 2 1 1 1 1 
226 80 : 	 2 3 1 1 1 
227 80 !. 2 1 3 2 3 
22 8 0 2 1 2 3 3 
2
9 
31 80 - 	 2 3 2 3 3 
235 77 2 1 2 1 2 
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sample : : 	number of 	alleles number of 
number • o MSP-2 • 	 • 
2 • 
................. 
82 2 23 3 1 
. 
3 
239 82 1 5 2 2 
240 82 2 3 2 1 2 
242 82 2 7 2 2 2 
243 82 2 1 1 1 1 
244 82 2 5 	3 2 	 3 
245 82 2 . 	38 1 1 1 
246 . 82 2 0 2 1 2 .................... 
247 84 2 2 3 3 3 
250 85 2 2 1 	 3 3 
251 . 84 1 	2 1 1 2 2 
252 84 2 0 1 1 1 
253 84 1 1 2 1 2 
254 84. 1 1 3 2 3 
255 84 1 2 1 1 1 
257 85 2 1 2 2 2 
259 85 2 4 2 1 2 
26 0 85 1 1 2 1 2  
262 . 83 2 7 1 2 2 
263 83 2 1 2 2 2 
265 83 2 7 2 1 2 
268 89 1 0 0 0 0 
269 89 	1 5 2 2 2 
270 89 2 28 1 2 2 
271 89 2 1 1 1 1 
272 89. 2 1 1 3 3 
273 90 2 1 1 1 1 
274 90 2 6 1 1 1 
276 90 2 2 2 1 2 
278 90 2 . 	19 3 1 3 
280 92 1 1 1 1 1 
286 94 2 1 2 2 2 
290 97 1 1 1 1 : 	 1 
291 98 2 1 	1 	 1 1 
292 98 2 1 1 1 1 
293 98 2 ......................................................................................................................................................................... 1 	1 1 	 1 
295 98 1 1 2 2 2 
296 98 1 1 1 1 1 
297 98 1 3 	3 2 3 
299 . 98 2 2 2 3 3 
301 98 2 7 3 3 3 
303 98 1 1 1 : 	 1 1 
305 96 
........................................................................................................................................................ 
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Mixed-genotype infections of the rodent malaria 
Plasmodium chabaudi are more infectious to mosquitoes 
than single-genotype infections 
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SUMMARY 
Interactions between parasite genotypes sharing a host are poorly understood, but have important consequences for the 
epidemiology and evolution of the parasite. In mixed-genotype malaria infections, patterns of asexual replication and 
transmission favoured by natural selection may be different from those in single-genotype infections. The infectivity to 
mosquitoes of mixed-genotype and single-genotype infections were compared using 2 clones of Plasmodium chahaudi 
inoculated into mice either together or alone. Mice given mixed-clone infections received the sum of the inocula given to 
the single-clone controls. Mosquitoes were fed on the mice and the numbers of oocysts which developed were counted 
to assess transmission intensity. For 3 combinations of starting inocula and feed days, mixed-clone infections produced 
more oocysts per mosquito than the sum of the 2 single-clone infections. This effect was correlated with an increase in 
gametocyte density, but was less clearly related to asexual infection parameters. The results show that interactions between 
clones in mixed-clone infections can profoundly affect transmission. 
Rev words: transmission, competition, malaria, Plasmodium chabaudi, gametocytes, oocysts. 
IN T R 0 D U CT ION 
The majority of human malaria infections consist of 
more than I genetically distinct genotype of the same 
Plasmodium species (Day et al. 1992). In Tanzania, 
Senegal and Papua New Guinea, for example, PCR 
analysis has shown that between 70 and 85 0  of 
infected people harbour more than 1 parasite 
genotype (Babiker et al. 1994; Ntoumi et al. 1995; 
Paul et al. 1995). Unless parasites are regulated by 
whollygenotype-specific immune responses, clonal 
parasite populations within hosts will interact, either 
via the host immune system (apparent competition, 
sensu Holt, 1977), through resource competition, or 
by other mechanisms (Richie, 1988). These inter-
actions could have a substantial impact on infection 
dynamics. The kinetics of infection of I Plasmodium 
species can be radically altered by the presence of 
another (Richie, 1988: Snounou etal. 1992); where 
competing populations are distinct genotypes of the 
same species, niche separation must be less marked 
and competitive interactions even more severe. 
Within mixed-genotype infections of Plasmodium 
cliabaudi in mice, marked suppression of one clone 
bv another can occur (Snounou et al. 1992; A. F. 
Read and \I. Anwar, personal communication). 
Natural selection should therefore favour parasites 
with life-histories appropriate for these circum-
stances. 
* Corresponding author: Tel: 0131 6505506. Fax: 0131 
6673 210. E-mail: andrew,f.readcaed.ac.uk  
As far as we are aware, there have been no studies 
on how interactions between blood-stage malaria 
parasite populations in mixed-genotype infections 
affect transmission to new hosts. Depending on the 
nature of the interactions, transmission could be 
unaltered, suppressed or increased. To determine 
which, we compared transmission from mixed-clone 
and single-clone infections of the rodent malaria, P. 
chabaudi. Groups of mice were infected with clones 
CR and ER, either singly or together. Mice given 2 
clones received the sum of the starting inocula of the 
2 single-clone infections in each experiment, with an 
initial ratio of either 1:9 or 9: 1 of the 2 clones. These 
starting conditions have previously been shown to 
result in competitive suppression of the initially rare 
clone (A. F. Read and M. Anwar, personal com-
munication). \Ve show that transmission rates of 
mixed-clone infections were over 7 times the sum of 
the 2 single-clone infections. The increased trans-
mission was correlated with higher garnetocvte 
densities in the mixed-clone infection mice. 
MATERIALS AND METHODS 
Parasites, mice and mosquitoes 
Two cloned lines of P. c/,abaudj denoted CR and ER 
(Beale, Carter & \Valliker, 1978), obtained from the 
\VHO Registry of Standard Malaria Parasites, 
Edinburgh University, were used. The hosts were 
male C57BL/6J/Ola mice (Harlan, England) in 
which P. chabaudi is usually non-lethal (Stevenson, 
Parasitology (1997), 115, 121-132. Printed in the United Kingdom © 1997 Cambridge University Press 
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Lyanga & Skamene. 1982). Mice were fed on SDS 
rat and mouse maintenance diet and drinking water 
was supplemented with 0.05 ", para-amino benzoic 
acid (PABA) to enhance parasite growth. Artificial 
illumination was provided from 07.00 to 19.00 h. 
The vector was Anopheles stephensi, maintained at 
25-28 °C and 70-80 0,  humidity, fed on 10 0 0 glucose 
in water supplemented with 0-05% PABA. 
Inoculation of mice with standard numbers of 
parasites 
Parasite densities in infected mice were determined 
from Giemsa-stained thin blood smears and red 
blood cell counts made using a Coulter Counter. 
Blood from these infected mice was diluted in calf 
serum—Ringer solution (50° () heat-inactivated calf 
serum, 5()' () Ringer solution (27 mr',i KCI, 27 mr'i 
CaCl 2 , 015 M NaCl), 20 units heparin/ml mouse 
blood) to give initial dilutions of the 2 parasite 
clones. These were then further diluted with calf 
serum—Ringer solution, or mixed together to give the 
required number of parasites in a 01 ml inoculurn 
(see experimental design below). 
Parasite emuits and mosquito .feeds 
The number of asexual parasites/ml of blood 
(asexual density) was calculated from thin blood 
smears and red blood cell counts taken between 
17.45 and 18.15 h on selected days. On the days 
when mosquitoes were to he fed, asexual para-
sitaemia (percentage of infected red cells) and 
gametocvtaemia (number of gametocytes/10 3 red 
blood cells) were calculated. Five-day-old Anopheles 
stephensi, starved for the previous 48 h, were fed on 
the mice for 20-30 min between 18.00 and 20.00 h. 
Unfed mosquitoes were discarded, and the remain-
der were dissected 8-10 days later to obtain counts of 
the number of oocvsts on each mosquito midgut. 
Experimental design 
Two experiments were conducted, each of which 
had 3 treatment groups (2 single-clone and I mixed-
clone). In Experiment I (Fig. 1), the mixed-clone 
treatment group had an initial inoculum of 9 x 10 
CR+1 x 10 ER and the CR and ER treatment 
groups 9 x 10 5 C  and I x l0 ER parasites re-
spectively. For each experimental block, 2 mice were 
infected with each of the treatments, and asexual 
parasite density w:'c measured on days 4, 7 and 10 
post-infection (p.i.). On day 14 p.i., thin blood 
smears were taken to assess asexual parasitaemia and 
gametocvtaemia, and mosquitoes fed on the mice. 
Each experimental block was repeated 4 times, giving 
a total of 8 mice per treatment group. 
Experiment 2 was broadly similar to experiment 1, 
except that the relative frequency of the 2 clones was  
reversed and additional mice were infected for a 
mosquito feed on day 18 p.i. as well as for that on day  
14 p.i.. Thus the basic design for each experimental 
block was as follows. Three treatment groups each of 
4 mice received initial inoculaof Ix 10 CR±9x lO 
ER, 1 x 10 CR or 9 x 10 5 ER parasites. Mosquitoes 
were fed on 2 mice per treatment group on day 
14 p.i. and on the remaining 2 mice on day 18 p.i.. 
The asexual parasite density was measured on days 
4, 7 and 10 for all mice and additionally on day 
14 p.i. for the mice fed on day 18 p.i.. Thin blood 
smears were taken to measure asexual parasitaemia 
and gametocytaemia immediately prior to the feed 
for all mice. This basic design was again performed 
4 times (to give 4 experimental blocks) and a total of 
16 mice per treatment group. 
A nalvsis 
Oocvst numbers per mosquito are well described by 
the negative binomial distribution (Medley et al. 
1993) which is defined by the mean and the 
overdispersion parameter (k ). In order to deal with 
this distribution without sacrificing power, 
generalized linear models are preferable (Wilson & 
(;reiifell, 1997) and were used here (Crawley, 1993). 
Values of the overdispersion parameter (k) were 
estimated from the distribution of oocvsts between 
mosquitoes fed on individual mice. Details of the 
data manipulation and analyses presented in the 
results section are given in the Appendix. 
Throughout the analyses, we use the following 
definitions. 'Treatment' refers to the clone(s) of 
parasite with which the mice were inoculated (CR, 
ER or Mixed). 'Block' refers to the 4 replicates of 
the basic design (Fig. 1) carried out within each 
Experiment', and experiments I and 2 had initial 
CR: ER ratios in mixed-clone infections of 9:1 and 
9 respectively. 'Feed day' refers to the day of 
infection mosquitoes were allowed to feed on the 
mice within experiment 2 (day 14 p.i. or day 18 p.i.). 
RESU LTS 
Over the 4 blocks of experiment 1, a total of 24 mice 
were infected and 550 mosquitoes dissected. In 
experiment 2, 48 mice were infected, and a total of 
1257 mosquitoes dissected. An average (± S.D.) of 
239 (±4-72) and 273 (±1-05) mosquitoes were 
dissected from those fed on each mouse in experi-
ments I and 2 respectively. 
Patterns of infection 
The changes in asexual parasitaemia for all treatment 
groups through the 2 experiments are shown in Fig. 
2. 
In experiment I, the total number of asexuals 
produced during the main part of the infection (see 
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Fig. 1. schematic representation of an experimental block in experiment I. Three treatment groups were infected 
with 9 x 10 C  parasites, I x 10 ER parasites or the sum of these. Experiment 1 consisted of 4 experimental blocks, 
carried Out exactly as summarized here. Experiment 2 was similarly designed but the relative frequency of the 2 clones 
was reversed and extra mice within each block were infected so that feeds could be done on both 14 and 18 days p.i. 
pars, Parasites; p.i., post-infection of the mice. 
Appendix for method of calculation) was signifi-
cantly lower for ER infections than for CR and 
mixed-clone infections (F, 608, P < 001). 
There was no evidence of differences between blocks 
(F321 = 195, P > 01) and treatment effects did not 
vary between blocks (F 6 = 122, P > 0 - 1).  In 
experiment 2, the total number of asexuals was 
higher for the second feed day (F 14 , = 771, P < 
001) and varied across blocks (F. 142 = 416, P < 
005), but after controlling for these effects there 
were no differences between treatment groups (F 031 
= 280, P > 005) and no interaction effects were 
significant (in all cases, P> 0 - 1). 
All 3 treatment groups had similar asexual densities 
4 days prior to the feed in experiment 1 (F 020 = 254, 
P> 005). For experiment 2, asexual densities alter-
ed between days 10 and 14, and so the 2 feeds were  
analysed separately. Four days prior to the day 
14 p.i. feed, the CR infection group showed higher 
asexual densities than the ER or mixed-clone 
infection groups (F90 .4  = 3 . 59 ,  P < 005, Fig. 2). 
Four days prior to the day 18 p.i. feed all the mice 
had very low asexual densities, and no differences 
between the treatment groups were significant (F 921 
= 243, P > 005). In the analyses of both expe-
riments there was no evidence of differences in 
asexual density between blocks, and no alteration of 
the treatment effects between blocks (in all cases, P 
>01). 
The estimates of the overdispersion parameter, k, 
of the negative binomial model used in the gen-
eralized linear models were ()47 and 091 for experi-
ments I and 2 respectively (s.E.s were 0052 and 
0088 respectively). The relationship between the 
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Fig. 2. The course of asexual infections in experiment 1 (A) and experiment 2 (B). Error bars are ± I S.E. 
proportion of mosquitoes infected and oocyst burden 
generated by these estimates provides a good fit to 
the data (Fig. 3). 
infectivity to mosquitoes 
(i) Ooc is! burdens. In experiment 1, oocyst burdens in 
mosquitoes differed significantly between treatment 
groups (F 217 = 844, P< 00l). Mixed-clone infec-
tions generated higher oocvst burdens than the CR 
infection group, which in turn generated higher 
oocyst burdens than the ER infection group (Fig. 
4A). Mean oocyst burdens fell across successive 
blocks (F.317 = 647, P< 001), but treatment effects 
did not differ between blocks (treatment. block 
interaction, F 511 = (} 88, P> 0- 1). The mixed-clone 
infection group and the most infectious single-clone 
group (CR) differed in their mean oocvst burdens 
(F]. 10 = 511, P < 005). Therefore, mixed-clone 
infections were more infectious to mosquitoes than 
either of the single-clone groups. 
In experiment 2, the day of feed had a strong effect 
on oocyst burdens (F 1433 2929, P < 0001). Far 
fewer oocvsts resulted from the day 18 p.i. feed than 
from the day 14 p.i. feed (compare the scales of Fig. 
4B and Q. After controlling for this effect, the 
treatment groups differed as in experiment I (F 94) = 
833, P < 000I). Mice with mixed-clone infections 
produced higher oocvst burdens than mice with CR 
which in turn were more infectious than mice with 
ER (Fig. 4B and Q. Blocks did not differ sig-
nificantly (F.3 = 183, P > 0-05), and all second 
order and third order interactions between day of 
feed, treatment and block were insignificant (in all 
cases P> 0-05). As in experiment I, the mixed-clone 
group produced higher oocyst burdens than the 
most infectious single-clone group (F 115 = 900, P < 
001). 
The increased transmission level from the mixed-
clone infections may be due simply to the larger 
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Fig. 3. The relationship between the proportion of mosquitoes infected and the mean oocrst burden for experiment 
I (A) and experiment 2 (B). Each datapoint represents 1 mouse and the fitted line is the relationship expected from a 
negative binomial distribution with k = 047 for experiment I and k = 091 for experiment 2. 
natively, mixed-clone infections may be more infec-
tious for other reasons. To differentiate between 
these explanations we constructed the following 
hypothesis. If the 2 clones were behaving indepen-
dently within mixed-clone infections, the oocyst 
burdens generated by these infections would equal 
the sum of the oocvst burdens generated by the 
corresponding single-clone infections. To test this 
(see Appendix for details), a total of 12 independent 
comparisons (from the 4 blocks of experiment 1 and 
the 4 blocks for each feed in experiment 2) were 
used. Across the whole dataset there was a significant 
difference between the oocyst burden generated 
from the mixed-clone infections and that expected 
from the sum of the single-clone infection groups 
(Wilcoxon signed rank test, Z = 220, P < 005). The 
mixed-clone infection group produced higher oocyst 
burdens in 10 out of the 12 comparisons. An 
assumption is made in this analysis that oocvst 
burdens in mosquitoes are not limited within the 
range of infection levels found here, so that mixed-
clone infection mosquitoes could carry the sum of 
the burdens of the 2 single-clone infection mosquito 
groups. In fact the mixed-clone infection mosquitoes 
are able to carry more than this sum, so it is clear that 
the assumption is justified. 
The ratio of the oocvst burdens from the mixed-
clone infections to that expected (the sum of the 2 
control group oocyst burdens) was calculated for 
each comparison. The mean (±s.E.)  of these ratios 
showed that, on average, oocvst burdens generated 
by mixed-clone infections were 76 (±2-7) times 
higher than those generated by the 2 single-clone 
infection groups together. When mixed-clone in- 
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Fig. 4. Mean (+ I SE.) oocvst burdens for each 
treatment group in each experimental block in 
experiment 1 (A) and experiment 2 (B and C), showing 
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infected for the treatment groups in experiments I and 
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fection mice are compared to the single-clone group 
with the largest starting innoculurn, very large 
increases in transmission are seen. Mixed-clone 
infections produced oocyst burdens 10'7 (±5 - 5) 
Table 1. Correlations of infectivity with blood-
stage infection parameters 
(Summary of the analyses of covariance of infectivity 
(ooc\st burden) and parameters of the blood-stage infec-
tions (for statistical details, see Appendix). For experiment 
2, the day of the feed was controlled for first, then the 
correlation tested. In no case did blocks differ, and no 
interactions between models terms were significant.) 
times higher than the CR infections in experiment 1, 
and oocvst burdens 274 (±129)  times higher than 
the ER infections in experiment 2. 
(ii) Proportions of mosquitoes infected. In experiment 
1, a higher proportion of mosquitoes was infected by 
mixed-clone infection than by single-clone infections 
(,y = 1065, P < 0-01; Fig. 5). Mice from later blocks 
produced lower oocyst burdens, but this effect was 
only marginally significant (x = 7'75 1 P 007), and 
there was no evidence of treatment effects differing 
between blocks (x = 5-50, P> 01). 
In experiment 2, a greater proportion of mos-
quitoes became infected when fed on mice on day 
14 p.i. than on day 18 p.i. (x = 710, P <0-01, Fig. 
5). After controlling for this effect, treatments 
differed only marginally (x = 5-42, P 0-07). How- 2 
ever, mixed-clone infections gave rise to a sig-
nificantly higher proportion of infected mosquitoes 
than did the single-clone infections when treatment 
was reduced to a 2-level factor (mixed-clone versus 
single-clone infections; x = 542, P < 0-05). There 
was no significant difference between experimental 
blocks (x= 2-74, P < 01) and all the 2-. and 3-way 
y interactions between the da of feed, treatment and 
block were insignificant (P> 01). 
The higher infectivity of mixed-clone infections to 
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E ER 4 days before the 
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Gametocvtaemia, F 116 = 529, * F,44 = 2324, ** 
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Fig. 6. Data from both experiments showing the relationship between infectivity and the gametocytaemia on the day 
of the feed. 
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Fig. 7. i\Iean (+ 1 s.E.) gametocytaemias for the 
treatment groups in experiments 1 and 2. 
proportion of mosquitoes infected rather than by the 
oocyst burden. This could be for 2 reasons. First, 
although these 2 variables are tightly correlated (see 
Fig. 2) the relationship is non-linear. At mean oocyst 
burdens above 10, there is relatively little variation 
in the proportion of mosquitoes infected, but oocvst 
burdens can vary by over an order of magnitude. 
Second, estimates of the proportion of infected 
mosquitoes from sample sizes of around 25 mos-
quitoes involve larger errors than do estimates of 
oocyst burden (Medley et al. 1993). This error 
would increase within-group variance and obscure 
between-group differences. For these reasons we 
only use oocvst burden in the following analyses. 
Predicting transmission from blood-stage infection 
parameters 
Our results show that mixed-clone infections are 
more infectious to mosquitoes than are single-clone 
infections. We used analyses of covariance 
(ANCOVA) to identify parameters of the blood-
stage infections that could be used to predict these 
patterns of infectivity. Log(mean oocyst burden + 1) 
calculated for each mouse was used as the response 
variable throughout, and we refer to this as 
infectivity 
This type of analysis is less powerful than the 
generalized linear models relying on individual 
mosquito data used above (Wilson & Grenfell, 1997). 
Despite this, treatment effects were still evident. In 
experiment 1, block was just marginally significant 
(F320 = 305, P 007), but treatments differed 
significantly (F 020 = 408, P < 005), with mixed-
clone infections showing the highest oocyst burdens. 
In experiment 2, the day 14 p.i. oocyst burdens 
were again higher than on day 18 p.i. (F 143 = 11-13, 
P < 001), but after controlling for this, treatments 
differed significantly (F 044 = 420, P < 005) with 
mixed-clone infections producing higher mean 
oocyst burdens. In both experiments, no interaction 
terms between treatment, block and feed day were 
significant (in all cases P> 01). 
Six parameters of the blood infection were calcu-
lated for each mouse. (i) The total number of 
parasites produced during the main part of the 
asexual infection, referred to as 'total asexuals' (see 
Appendix for method of calculation). (ii) An estimate 
of the asexual parasitaemia 2 days prior to the feed. 
This was made by averaging the parasitaemlas on the 
day of the feed and 4 days previously. (iii) Asexual 
density 4 days prior to the feed. (iv) Asexual para-
sitaemia 4 days prior to the feed. (v) Asexual 
parasitaemia on the day of the feed. (vi) Gameto-
cvtaemia on the day of the feed. Among the 6 
parameters of the blood-stage infection, only gameto-
cytaemia and the asexual parasite density on the day 
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Fig. 8, Data from both experiments showing the relationship between infectivity and the asexual parasitaemia on the 
day of the feed. 
of the feed showed significant correlations with 
infectivity (Table 1). These two were analysed in 
more detail to see if they could explain the observed 
treatment effects. 
Gametocytaemia was positively correlated with 
infectivity in both experiments I and 2, explaining 
33 and 62",,of the total variance in infectivity 
respectively (Table I and Fig. 6). Treatment did not 
account for any additional variation for either 
experiment (F 9 = 119, P > 005 and F 9 = 025, 
J3 > 005 for experiments 1 and 2 respectively). 
Likewise, block, day of feed and all the interactions 
between these, treatment and gametocvtaemia did 
not explain any additional variance in infectivity 
(P > 005 in all cases). Gametocvtaemia was higher 
in the mixed-clone infection group of mice than 
in either of the single-clone infection groups for 
both experiments (x = 1551, P <0001, X ')  = 2768, 
P < 0001 for experiments I and 2 respectively, Fig. 
7). Furthermore, gametocytaenhia in the mixed-
clone infections was significantly higher than the 
SLIM of the gametocvtaemias of the 2 single-clone 
groups (Wilcoxon signed rank test , Z = 293, P < 
001). On average, mixed-clone infection mice had a 
mean (±s.e.) gametocvtaemia 33 (± 1-3) times 
higher than that of the sum of the 2 single-clone 
infections. Taken together, these analyses suggest 
strongly that the mixed-clone infections are more 
infectious to mosquitoes due to increases in their 
gametocvtaemias relative to those of the single-clone 
infections. 
Asexual parasitaemia on the day of the feed was 
strongly and positively correlated with infectivity in 
experiment 2, but only marginally in experiment 1. 
The weaker effect in experiment I may have been 
due to the smaller sample sizes involved. Asexual  
parasitaemia explained 27 and 38 	of the variance 
in infectivity for the 2 experiments respectively 
(Table I and Fig. 8). Treatment explained no 
additional variation (F. = 155, P > 0'05 and 
F, 4 2 = 216, P > 005 for Exps I and 2 respectively) 
nor did block, day of feed or any of the interactions 
between these factors (P > 005 in all cases). Mixed-
clone infections had higher asexual parasitaernias on 
the day of the feed than the single-clone infections 
(F916 = 556, P < 005, 17943 = 433, P < 005 for 
Exps I and 2 respectively). On average the mixed-
clone infection mice had an asexual parasitaernia 4'5 
times higher than that of the sum of the 2 single-
clone infections. 
DISCUSSION 
These results show that mixed-clone infections of P. 
c/iabaudi were more infectious to mosquitoes than 
single-clone infections and gave rise to more oocvsts 
than the sum of the single-clone infections. Inter-
actions occurring between clones in mixed-clone 
infections strongly and positively affected trans-
mission for all 3 combinations of starting inocula and 
feed day. Mixed-clone infections produced on aver-
age over 7 times as many oocysts as the sum of the 
corresponding single-clone infections. In both ex-
periments, the addition of a second clone as a 
minority of the inoculum (10 0)) increased the overall 
transmission of an infection to more than 10 times 
that achieved by the initally dominant clone on its 
own. 
Based on ecological and evolutionary theories of 
competition, within-host interactions between clones 
could have several outcomes, depending on the 
mechanisms involved. (I) Where oocyst burden is 
ItJixed-genotvpe infections of P. chabaudi 
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regulated entirely by genotype-specific immune 
responses, no interactions will occur within mixed-
clone infections. Total oocvst burden from mixed-
clone infections would be equivalent to the sum of 
that which each genotype would have produced on 
its own. (2) If some factor acts to limit oocvst 
burdens, irrespective of their genotype, mixed-clone 
infections will have transmission rates similar to 
those of the single-clone infections. (3) Competitive 
interactions which alter asexual parasite dynamics 
within mixed-clone infections might also alter ga-
metocyte and hence oocyst production. Increased 
asexual density, or a prolonged infection, may lead to 
increased transmission. (4) If a genotype is 
suppressed by competition within a host, natural 
selection should favour variants which reallocate 
resources from asexual replication to gametocyte 
production. Oocvst burdens in mixed-clone infec-
tions would therefore be higher than that from 
single-clone infections, and may reach levels higher 
than the sum of the 2 control infections. 
In our experiments, transmission from mixed-
clone infections was higher than the sum of the 
control infections, ruling out the first and second of 
these mechanisms. However, the third and fourth 
are both consistent with our results. 
The increased infectiousness of the mixed-clone 
infections was almost certainly due to greater 
gametocyte densities on the day of the feed. There 
was no evidence that treatment, or the day of 
infection that mosquitoes fed on the mice, had any 
additional effect once gametocyte density had been 
controlled for, showing that the infectivity of 
gametocytes was not influenced by these factors. 
Experiments with splenectomized rats suggested 
that P. chabaudi gametocytes take 4 days to become 
functionally mature (Cornelissen & Walliker, 1985), 
but more recent work in mouse hosts has suggested 
it may be only 2 days (Gautret et al. 1997). This 
makes it difficult to determine the population of 
asexual parasites which gave rise to the gametocvtes 
transmitted to mosquitoes during the feeds in these 
experiments. 
If conversion to functionally mature gametocytes 
takes around 4 days, then increased conversion rates 
from asexual parasites to gametocytes must have 
occurred in the mixed-clone infections. The asexual 
density of the mixed-clone infections 4 days before 
the feed was always the same as, or lower than, the 
highest single-clone infection. There must therefore 
have been suppression of the asexual population of at 
least I of the clones. Re-allocation of resources from 
asexual replication to gametocyte production should 
be favoured by natural selection when asexual 
growth is limited by competition, as is thought to 
occur in response to drug pressure (Findlav, \Iae-
graith&Holden, 1946; Foy& Kondi, 1952; Buckling 
et al. 1997). If suppressed clones can increase their 
investment into gametocytes, this would explain the  
higher gametocyte density in the mixed-clone infec-
tions on the day of the feed. 
If gametocvte maturation takes around 2 days, 
another explanation is possible. Higher gametocyte 
densities may arise due to similar conversion rates as 
in single-clone infections, but from higher asexual 
parasitaemias in the mixed-clone infection mice. Our 
observation that asexual parasitaemia on the day of 
the feed correlates with infectivity, unlike any other 
measure of asexual density, is consistent with this 
mechanism, but it also requires marked dynamics in 
asexual parasitaernia just prior to the feed. Previous 
work suggests that strain-specific immune clearance 
could play an important role in generating such 
dynamics in mixed-clone infections (Snounou et al. 
1989; A. F. Read & NI. Anwar, personal com-
munication). As the initially dominant clone becomes 
cleared by the immune system, the subdominant 
clone could be sufficiently distinct antigenically to be 
able to increase in numbers so that the population 
size of the whole infection rises. Such changes in the 
dynamics of the asexual infection are predicted by 
one of the few models dealing with superinfection 
(Nowak & May, 1994) and underlie presumptions 
about how antigenic variation prolongs infections. 
An analysis of the clonal composition of these 
infections should increase our understanding of these 
interactions. Samples suitable for genetic and im-
munological analysis were taken from the mice in 
these experiments and the results are presented 
elsewhere (Taylor, Walliker & Read, 1997). 
Implications for theory, 
Recently developed models have shown that inter-
actions between different parasite genotypes of the 
same species within a host can have important 
consequences not only for the duration and outcome 
of the infection (Frank, 1992; Hellriegel, 1992; 
Antia, Nowak & Anderson, 1996) but also for the 
epidemiology and evolution of the species (Bremer-
mann & Pickering, 1983; Nowak & May, 1994; 
Gupta & Day, 1996). There is a clear need to 
understand these interactions more fully (Bull, 1994; 
Read, 1994; Schmid-Hempel & Koella, 1994) and 
they are likely to vary considerably according to the 
ecology of the host—parasite system being studied 
(May & Anderson, 1990; Read, 1994; Ewald, 1995). 
However, it is also clear that in no system do we 
understand how genetic variation between parasites 
within hosts might affect the transmission from them 
- the underlying basis of many of these models (May 
& Anderson, 1990; Bull, 1994: Gupta & Day, 1996). 
One assumption commonly used, especially in 
models seeking to explain levels of parasite virulence, 
is that transmission is correlated with within-
host replication rate. For parasites in general 
(Bremermann & Pickering, 1983, see reviews by 
L. H. Taylor, D. Walliker and A. F. Read 
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Bull, 1994; Frank, 1996) and malaria parasites in 
particular (Heliriegel, 1992; Gupta & Day, 1996), it 
is assumed that increased within-host proliferation 
allows a genotype to increase its population size 
relative to within-host competitors, so that it 
dominates the transmission population from that 
host. Our experimental data do not support this 
assumption: there was no correlation between the 
total number of parasites produced during the main 
part of the infection and transmission from their 
hosts. However, there was a positive (albeit weak) 
association between asexual density on the day of the 
feed and transmission. In all infections, the bulk of 
gametocytes were produced around day 14 post-
infection. A high asexual density during this period 
could therefore be important for epidemiological 
persistence. If clone-specific clearance of parasites 
within the mixed-clone infections is occurring, then 
the initially suppressed clone may be able to increase 
its asexual density towards the end of the infection 
and might even dominate the transmission from 
these infections. 
Whatever the mechanism involved, at least 2 
pressing questions arise. First, why are so many 
asexual parasites produced early in infections if they 
have little consequence for transmission? Second, 
why do gametocytes in all infections constitute such 
a low proportion of all the parasites in an infection 
(Taylor & Read, 1997)? This second problem is 
especially acute in single-clone infections where 
gametocyte densities are demonstrably lower than 
they could be. 
Relevance to the field 
In natural situations of malaria transmission, oocvst 
burdens very rarely reach the intensities seen in this 
experimental situation (Muirhead-Thomson, 1954; 
Lyimo & Koella, 1992) and instead fall nearer to the 
origin of Fig. 2, where variation in mean oocvst 
burdens corresponds to variation in proportion of 
mosquitoes infected. This has been shown for 
mosquitoes naturally infected with P. falciparum in 
Tanzania (Billingsley et al. 1994). If processes 
involved in determining transmission in the human 
malarias are similar to those occurring in P. chabaudi, 
then both the proportion of mosquitoes infected and 
their oocvst burdens would be increased from mixed-
genotype compared to single-genotype infections. 
This may have important consequences for attempts 
to control malaria. For example if initial reductions 
in transmission lead to fewer mixed-genotype infec-
tions in a population, then the average transmission 
level from future infections may become reduced 
even further. This self-reinforcing process could also 
work in reverse if changing environmental conditions 
(e.g. global warming) increase transmission rates and 
hence the frequency of mixed-genotype infections. 
Estimating k of the negative binomial distribution. We used 
GLIM macros to estimate k for oocysts derived from in-
dividual mice using maximum-likelihood (Crawley, 1993). 
Mice where fewer than 2 mosquitoes became infected were 
excluded, and the rest (n = 18 and 24 for experiments I 
and 2 respectively) averaged to give a mean k value for each 
experiment. GLINT macros were also used to specify the 
negative binomial error structure in log-linear models 
(Crawley, 1993). 
Total asexual data. These were calculated for each mouse 
individually by calculating the area under the curve of 
asexual density through time between days 4 and 10 p.i. 
(for mice fed on day 14 p.i.) or days 4 and 14 p.i. (for mice 
fed on day 18 p.i.). As P. chabaudi replicates once every 
24 h, this represents a reasonable approximation to the 
total number of asexuals produced during this period of 
infection. 
Oocvst burdens. Oocvst burdens from each mosquito were 
used in generalized linear models with negative binomial 
error structures. All factors and their interactions were 
fitted to the model, with mouse' added last as a nested 
factor. Where interaction terms were sufficiently In-
significant (Sokal & Rolf, 1981, p.285), their mean squares 
were combined with the nested mouse term and used as 
the error term. This results in the total degrees of freedom 
for the analysis equalling the number of mice in the ex-
periment minus I, thus avoiding pseudoreplication. Sig-
nificance of the remaining effects in these models was 
assessed by calculating an F-ratio from the change in de-
viance per degree of freedom divided by the residual mean 
square deviance as terms were removed from the minimal 
model (Crawley, 1993). 
Proportion data. For the proportion of mosquitoes 
infected, general linear models with binomial error 
structures were used, together with William's correction 
for overdispersion (Crawlev, 1993) After correction, 
changes in residual variance were tested using the Chi-
squared distribution with corresponding degrees of free-
dom. Where proportion data were used as a predictor 
variable (e.g. asexual parasitaemia, gametocvtaemia), they 
were fitted as arcsine(square-root(p)), where p is the un-
transformed proportion. 
Mean oocvst burdens produced by individual mice. Negative 
binomial models (with the appropriate k value for the 
experiment) were fitted to the oocyst burden per mosquito 
data with each mouse as a separate factor level. This gave 
the mean oocyst burden produced in a mosquito fed on 
each mouse. After adding I to these measures of mean 
oocyst burden, they were log ( transformed and used in the 
analyses of covariance. 
Mixed-clone infections versus the sum of the controls. Two 
mice were inoculated with each treatment 4 times during 
experiment I and 4 times for each of the 2 feeds in experi-
ment 2. This allows 12 independent comparisons to be 
made between the mixed-clone infections and the sum of 
the 4 single-clone infections initiated at the same time. 
First, the relevant parameters (mean oocyst burdens or 
gametoctaemias) for the 2 mice in each of the 3 treatment 
groups were averaged for each comparison separately. The 
Mixed-genotype infections of P. chabaudi 
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averages for the CR and ER infection groups for each 
comparison were then summed to give an estimate of the 
expected transmission assuming no interaction between 
clones. This estimate of expected transmission was com-
pared to the actual transmission from the mixed-clone 
infections for the same comparison using a Wilcoxon-Sign 
Rank Test. 
Correlations with blood-stage parameters. Initial AN COVAs 
were performed with 1og 10(mean oocyst burden + 1), calcu-
lated as above, as the response variable. In the detailed 
analyses of the relationship between gametocyte and asexual 
densities, all possible interactions between feed day, block, 
treatment, and the particular asexual parameter were in-
cluded in a general linear model. Then, beginning with the 
maximal model, stepwise omission of non-significant 
factors was used, leaving treatment and the blood-stage 
parameter until last (Crawley, 1993). Effectively this tests 
for additional significant effects of treatment above the 
blood stage parameter. The results presented are the mini-
mal model explaining infectivity in each case. The 
residuals after each minimal model had been fitted were 
examined to ensure the data conformed to assumptions of 
normality and homogeneity of variance. 
Missing data points. During the course of the experiments 
3 mice died. One mixed-clone infection mouse in experi-
ment I and I ER mouse in experiment 2 died during feeds 
on day 14 p.i. and 1 CR mouse in experiment 2 (due to be 
fed on day 18 p.i.) died on day 13. As there was no evidence 
of abnormal infections in these mice, they were included in 
the analyses of data up to the point that they died. For the 
first block of experiment I blood smears were not taken 
prior to the feed, so measurements of the asexual para-
sitaemias and gametocytaemias on the day of the feed for 
these mice were not available. 
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Mixed-genotype infections of malaria parasites: within- 
host dynamics and transmission success of competing 
clones 
LOUISE H. TAYLOR, DAVID WALLIKER AND ANDREW F. READ* 
Institute oJ (e//, .-Jnirnal and Population Biology, University of Edinburgh, King'i Buildings, West Mains Road, 
Edinburgh EH9 3J T, UK 
SUMMARY 
Mixed-genotype infections of rnicroparasites are common, but almost nothing is known about how 
competitive interactions within hosts affect the subsequent transmission success of individual genotypes. 
We investigated changes in the composition of mixed-genotype infections of the rodent malaria Plasmodium 
chabaudi clones CR and ER by monoclonal antibody analysis of the asexual infection in mice., and by PCR 
amplification of clone-specific alleles in oocysts sampled from mosquitoes which had fed on these mice. 
Mixed-clone infections were initiated with a 9:1 ratio of the two clones, with ER as the minority in the 
first experiment and CR as the minority in the second experiment. 
When beginning as the majority, clones achieved parasite densities in mice comparable to those 
achieved in control (single-clone) infections. When they began as the minority, clones were suppressed to 
less than 10° of control parasitaemias during the early part of the infections. However, in mosquitoes, 
the frequency of the initially rare clone was substantially greater than it was in mice at the start of the 
infection or four days prior to the feed. In both experiments, the minority clone in the inocula produced 
as many, or more, oocysts than it did as a single-clone infection. These experiments show that asexual 
dominance during most of the infection is poorly correlated to transmission probability, and therefore that 
the assumption that within-host population size correlates to transmission probability may not he 
warranted. They also raise the fundamental question of why transmission rates of individual genotypes 
are often higher from mixed than single-clone infections. 
1. INTRODUCTION 
III many microparasitic diseases, genetic diversity in 
parasite populations within single hosts is common. 
This can arise because of co-infection, super-infection, 
or somatic mutation during the course of the infection. 
A considerable body of theory suggests that where 
different parasite genotypes are interacting with each 
other and with the immune system of the host, the 
outcome of the infection, the epidemiology of the 
disease and the evolution of the parasite species can all 
be altered. Length of infection and density of parasites 
and presumably therefore the severity of symptoms) 
can both he increased in mixed-genotype infections 
Hellricgel 1992: Antia ci al. 1996. Parasite genotypes 
that transmit to other hosts are thought to be those that 
succeed in competitive situations Bremermann & 
Thieme 1989i, which will ultimately affect the evolu-
tion of characteristics such as growth rate and virulence 
Levin & Pimentel 1981; Novak & May 1994: 
reviewed by Bull 1994; Ebert & Herre 1996; Frank 
1996:. However, as several authors have pointed out, 
our theoretical understanding of interactions within 
mixed infections has far outstripped our understanding 
* Author ii correspondence andrew. f. readaed. ac. Uk 
of the facts, so that most of the assumptions of these 
models remain untested (May & Anderson 1990: Bull 
1994; Gupta & Day 1996). 
Remarkably few experiments have tested whether 
competitive interactions do occur between different 
strains or clones of the same parasite species Seed 
1978: Snounou ci al. 1992; Read & Anwar, in 
preparation). These have shown that the infection 
course of one strain is altered by the presence of 
another strain sharing the same host, suggesting that 
infection dvnaniics are not regulated entirely by strain-
specific immune responses. As far as we are aware, only 
one study has addressed how transmission from mixed 
infections might he altered Nakamura et al. 1992. 
This showed that the relative transmission of two lines 
of Ezrneria tend/a from mixed inkctions was very 
different from that from single-line infections. None of 
these experimental studies examined directly whether 
transmission rates were correlated with within-host 
replication rates, an assumption common to many 
models e.g. Bremermann & Pickering 1983: Gupta & 
Day 1996: and reviews by Bull 1994: Frank 1996. 
Unless we understand which model assumptions are 
most realistic, there is little hope of deciding how best 
to control parasitic diseases, or of predicting how 
selection imposed by control measures will act on 
Proc. R. Soc, Lord. B . 1997. 264. 927 935 
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within-host life history strategies or virulence Read 
1994. In particular. almost nothing is known of the 
critical link between within-host interactions and the 
subsequent transmission success of individual geno-
types. Here, using immunological and genetic analyses 
of mixed infections of a rodent malaria, Pfatmod,um 
c/iahaudi, in laboratory mice, we begin to rectify this. 
In P. chabaudi. haploid asexual parasites circulate in 
the blood stream of the mouse, dividing every 24 hours. 
A typical infection in the mouse strain used here has a 
peak asexual parasitaemia around day 8 post infection 
with up to 400  of red blood cells being infected. 
Host immune responses eg. Langhorne ci a/. 1990 and 
probably also resource limitation Richie 1988 I such as 
red blood cell shortages Yap & Stevenson 1994: 
Hrtzel & Anderson l996, reduce the infection 
dramatically by day 14 when only a few per cent of'red 
blood cells are infected. A parasite which has recently 
invaded a new red blood cell can develop into another 
asexually replicating stage, or into a sexual gametocvtc. 
Garnetocytes are the only 1)100(1 stage l)'2tU.'S  able to 
infect the mosquito vector. The bulk of gametocyte 
production occurs after the peak of' asexual para-
sitaemia \Very 1968: Buckling ci al. 1997. In 
experiments initiated with the number of parasites 
used here, very few gametocytes are produced before 
day 12 of the infection, maximum densities occur 
around day 14. and the decrease dramatically by day 
18. When taken up by the vector. gametocytes rapidly 
mature into gametes, which fuse to form diploid 
zygotes. These zygotes exist only briefly, before nseiosis 
and replication resulting in many haploid sporozoites 
occurs All the haploid progeny of a zygote are held 
together in an oocvst during this multiplication phase. 
By dissecting mosquitoes eight to nine days after the 
were fed on an inf'ective mouse, oocyst numbers can be 
counted to assess transmission intensity. 
In the experiments presented here, we analyse the 
success of' two clones of P. chahaudi, denoted CR and 
ER. introduced into mice as a mixed infection. Previous 
work had shown that, where one clone is dominant in 
the inoculum, very marked alterations of' the asexual 
population dynamics of' the minority clone can occur 
Read & Anwar, in preparation). \\c therefore 
initiated mixed infections with 1:9 and 9: 1 ratios of the 
two clones. Transmission from the resulting infections 
was compared to that from control single-clone 
infections which received the same number of CR or 
ER parasites used in the mixed infections. As we report 
elsewhere Taylor ci al. 1997), these mixed infections 
were more infectious to mosquitoes than were single-
clone infections because gametocyte densities were 
higher. 
Here we examine the performance of the two clones 
individually within the mixed infections. P. thahaudi 
clones are morphologically indistinguishable, but can 
he discriminated using immunological and genetic 
techniques (McLean ci a/. 1991: Ranford-Cartwright 
etal. 1991). Asexual parasites of the two clones possess 
different alleles of the merozoite surface protein I 
MS P- I gene. These can be differentiated in the blood 
stages by allele-specific monoclonal antibodies linked 
to fluorescent markers, and in the oocysts by the  
production of different sized fragments after PCR 
amplification. Using these markers, we followed the 
course of infection of each clone in mixed tnf'ections in 
mice, and in the oocyst populations formed after 
mosquitoes had fed on them. We could then compare 
the infection dynamics of each parasite clone in a 
mixed infection with their dynamics when the same 
number of parasites were inoculated into a host on 
their own. These data allowed us to assess whether 
competitive interactions occurred between the clones 
in the mixed infections and to assess whether these 
interactions affected the transmission from the infec-
dotis. 
2. MATERIALS AND METHODS 
Parasites, mice and mosquitoes 
TWO cloned lines of 1-'. c/iahaudi denoted CR and ER Beak' 
et al. 1978. from the World Health Organisation's Registry 
of Standard Malaria Parasites. Edinburgh University, were 
used. The mouse hosts were male C57BL/6J/0la mice 
Harlan. England. 1'. cha/.'auth is usually non-lethal to this 
strain Stevenson et al. 1982 Mice were fed on SDS rat and 
mouse maintenance diet. Drinking water s as supplemented 
with 0.05°, para-amino benzoic acid PABA to enhance 
parasite growth.  Artificial illumination was provided hoot 
07:00 to 19:00 hours. The mosquito host was .lno/thelei 
.rlep/ieFw, maintained at 25 28 °C and 70 80 " ,, hiuniidit . and 
fed on ID",, glucose in water supplemented with ().05 ,, 
PABA. 
Inoculation of mice with standard numbers of 
parasites 
Parasite densities of C57/Bl/6J/Ola mice infected with 
CR or ER parasites were determined from Giemsa-stained 
thin blood smears and red blood cell counts made using flow 
cvtonietrv Coulter Electronics. Blood from these ink'cted 
mice was diluted in call serum Ringer solution i50 ') ,, heat-
inactivated calf serum . 50'',, ringer solution 27 mM KCI, 
27 mM (:aCl 2 , 0.15 NI NaCI . 20 units heparin per ml mouse 
Wood) to give initial dilutions of the two parasite clones. 
These were then further diluted with call' serum Ringer 
solution, or mixed together to give the required number of 
parasites in a 0.1 ml inoculum fsee experimental design 
below and figure U. 
Parasite counts and mosquito feeds 
The density of asexual parasites number of asexual 
parasites per nil of blood was calculated frutit thin blood 
smears and red blood cell counts taken between 17:45 and 
18: 15 hours on selected dtt',. To sample transtulissiolt, five-
day old Anoplie/et .'.tcphen.ci, starved br the previous 48 hours, 
were then allowed to feed on the mice fur 20 30 min. Unfed 
mosquitoes were discarded, attd the remainder were dissected 
8 It) days later to obtain counts of the number oh' OOcVsts Ott 
each mosquito midgut. Single oocvsts were dissected from the 
miclguts oh inl'ected mosquitoes using finely pointed dis-
posable niicrocapillarv tubes I  Ranbud-( artwright ci at. 
1991 . This was done at random, with uocysts being dissected 
from a representative set of both heavily infected and more 
lightly infected mosquitoes, The oocysts were put into tubes 
containing 50 p1 of uocvst lvsis buffer 100 ruM NaCl, 
25 mM EDTA pH 8.0), 10mM Tris-HCI pH 8.8j. 0,50,, 
Sarkosvl, I mg nil Proteinasc K, placed at 55 o(  (hr one 
hour and then stored at —20 O( 
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Figure 1. Schematic representation of an experimental block in experiment 1. This protocol was repeated litr times 
four blocks), giving a total of eight mice per treatment group where treatment groups were CR. ER or mixed 
infections A similar protocol was used for experiment 2, except that the proportion of the two clones in the inocula 
of mixed infections was reversed, and additional mice were included for a day 18 p.i. mosquito feed. Pars represents 
parasites. 
(d) Immuno-fluorescence testing of MSP-1 alleles 
The monoclonal antibodies Mabs i used were B18 lgG3. 
Boyle ci al. 1982 and H2 IgG2b. Hamers-Casterman, 
unpublished data) which react specifically to clones CR and 
ER. respectively (McLean et al. 1991. Before use, each NIab 
was diluted 1:1000 in phosphate buffered saline PBS 
containing 1, bovine serum albumin and 0.1 ° sodium 
azide. The protocol is based on those used by Bruce ci al. 
1990) and McLean ci al. 1  1991), and is briefly as follows. 
10 lal of infected mouse blood were diluted in 100 p1 PBS 
pH 7.4. mixed thoroughly and kept on ice. Blood cells were 
rinsed five times by centrifugation and PBS washes, and then 
pipetted onto multispot slides Henley-Essex). These were 
dried and stored desiccated at —20 O(  A mixed antibody  
preparation (I: 1 mixture of diluted B18 and H2 and a 
mixed conjugate preparation 1: I mixture of fluorescein 
FITC-Iahelled goat anti-mouse IgG3 and rhodamine 
(TRITC)-labelled goat anti-mouse lgG2b, both from 
Southern Biotechnology Associates Inc., and diluted 1: 100 in 
PBS1 were made. 
Slides were fixed with acetone for 5 mm. 25 p1 of antibody 
preparation were added to each well and incubated at room 
temperature for 30 mm. Wells were rinsed three times with 
PBS, and IS p1 of conjugate were added and incubated for 
30 mm, before being rinsed with PBS three times and 
PBS—glycerol--DABCO solution 50,, PBS, 500,  glycerol. 
25 mg nil 1,5-diazabicyclo[2,2,2]octane: used to mount a 
coverslip. Under fluorescence microscopy, the two clones 
gave oil different coloured signals, allowing the ratio of the 
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two in mixed infections to be calculated. An average of 433 
asexual parasites minimum 278 were counted fhr each 
sample to obtain a ratio. Bias in these ratios caused by the 
unequal affinities of the Iss(' monoclonal antibodies or 
unequal production of the target molecule by the two clones 
was controlled hjr as detailed in Appendix 1 
(e) PCR typing of MSP-1 in oocysts 
Individual oocvst Samples were thas ed and DNA prep-
ared fi irti them using the phenol- chloroform technique of' 
Rattf)i'd-( lartwright i/ al. 1991 •. The variable region I of the 
slSI'-1 gene Deleer.snijder et al. 1991; McKean el al. 1993 
was amplilierl using the nested PCR technique. The primers 
were prepared bs ()swef D\.\ service. Edinburgh. with 
the sequences 5'-TT.\AAG\;\GA.-\(1UAA(i( 1(1-3' and 5'-
(:T.•\\'i"l'CAA( :T(;GATCGAC-3' outer . and 5'-GTT:\- 
and 5'-TTGAGCA'T'AAAGT-
'I'C.•\( ( -3 im . 1 tl of DNA (iota single tiocs sts was 
amplified bs' P(IR in 20 p1 reactions containing 1 x buffer 
(;ilao BRL . 1.5 mM MgCL, 10)) nM of each primer 
50 JIM Fr tim' outer PCR . 75 pM of each of dATP, dTTP 
and d( TI'. 65 p.\l c1CTP. 10 pM 7-deai.a-2'-dcoxguanosine 
cd(rI'l' and I unit ollaq DNA polvnierase Gibco BRI, 
Outer PC Rs were layered scitli mineral oil and subjected to 
25 cycles at 94 °C for 30 .58 0C for 3)) and 70 ° C f'or 30 s, 
and tlicti 7)) °C for 10 min. 1.2 jsl of this ptoduct ssere added 
to a 2)) p1 inner reaction, covered ssith mineral oil and 
subjected to 3)) cycles at ( )-I'(: for 30 S , ) a 
0(  for 30 s, 70 0( 
for 30s, and then 70 °CI kir 10 mm. Products were visualized 
on 2,, agarose with TBE gels stained with etfiidiiim bromide. 
ER alleles produced it band ol39 bp and CR alicles a band 
of appr xiniatelv 340 bp. 
An average ± se. of 17.7 +6.94 OOC 515 equivalent to 
36 alleles were dissected at random from the mosquitoes 
which had been allowed to feed ott each mixed infection 
mouse, and analysed by PC R. 
(/') Experimental design 
Too experiments were conducted. In experiment 1, he 
mixed-clone infection group had an initial inoculum of' 
9x lo -, (:R+1  x 10 ER, ssIiile tire CR and ER control 
inleetion groups were gis en 9x 10" d1R or I x 10 ER 1'. 
e/iahauth parasites respectively [ figure I } . Two mice per 
treatment group three groups, as above were infected in 
each of four replicate experimental blocks, to give a total of' 
24 mice in experiment 1. Asexual parasite density was 
measured between 17A) and 18: 15 hours on day 10 p.i., and 
sI ides kir itionoclotial anti 1)0(1 v analysis prepared. Mosquitoes 
were allowed to 1ecd on all mice on day 14 p.i. Between eight 
and nine days after the feed, mosquitoes were dissected to 
assess transmission inlens!t\ and samples stored kir PCR 
analysis. 
Experiment 2 was similar to experiment 1, except that the 
relative a hii ucla nees of the two clones were reve,'secf and 
additional mice were infected to allow a second mosquito 
feed. The treatment groups had initial inocula of I x I 
CR ±9 x i0 ER. I x 10' CR on 9x 10' ER parasites. 
fiur replicate experimental blocks were carried 0111. 
this time with four mice per treatment group. so  that there 
were it total of 48 mice in t-xperimeilt 2. Slides to determine 
asexual parasite density and for monoclonal antibod 
analysis were prepared from half of' the mice in each 
treatment group oil da 10 p.i .. and mosquitoes were allowed 
to feed on these mice on day 14 p.i. '[lie remaining mice were 
sampled for monoclonal antibody analysis (in clay 14 p.i. and 
mosquitoes were allowed to feed oil them oil day 18 p.i. 
Samples of oocvsts llor PCR analysis were stored as in 
experiment 1.  
(g) Data anal-)-,% 1.N 
To analyse tI:...... ' :'. 	. 
oocvsj populatiou-. ci'! 01 ali.o-cl Iii ill lu li 	, ilhhiii 1111,11 
error structures were fitted to counts of the CR alleles and 
total alleles sampled from each mouse Crawley 1993 . For 
asexual parasites. one allele represented one haploid asexual 
parasite counted. For the transmission stages one allele 
represented one of the two alleles identified by PCR in a 
single oocvst i.e. the equivalent of one successful gamete. 
the mean and 95 , confidence intervals were calculated for 
the eight mice in each group of mice with mixed infections. 
one from experiment 1. and one fbr each of the two feeds in 
experiment 2. 
The relative success of the clones in mixed and single-clone 
infections was analysed as follows, The asexual density for 
each mixed infection mouse was multiplied by the relevant 
ratio ni the two clones as determined from monoclonal  
analysis of that infection. 'litis determined the asexual 
densities attributable to the CR and ER clones separately. 
Similarly, the mean itutitber of oocvsts per gut., derived from 
each of' the mixed infection mice, was multiplied b tIle ratio 
Of tire two clones obtained by P( IR analysis of the otcysts fill-
that 
 
mouse. This gave' the contribution to the oocvst 
a pula lions all m'ihu ta hIm.' to each clone. All these Val ite's were 
then log o  tramtsfhi'medl adding I to mean ooe'vst coutits to 
alloo zero val lid's to be analysed i to give it normal error 
distribution for statistical analysis. 
For each experiment and sampling, poitit, the asexual oi' 
oocvsl population densities of (.R and ER in the mixed 
itifectmons were compared to those in ihc' corresponding 
single-clotR' control infections using /-tests. The four blocks 
were combined to gis c eight mice in each of the mixed and 
single-clone infection groups, and the significance of dii 
ft'reuces betsseen the two treatments assessed. Ratios of the 
mean population sizes in the mixed infections to the mean 
population sizc's in the control infections were calculated 
fri nit the ittitransformed data to represent these results 
graplticallv, l"ollowing this AN OVAs were carried out to 
assess the significance of differences between blocks within 
each experiment. However, as the sample sizes per block 
were small, significant interaction terms must he interpreted 
witft caution. 
In order to account for an' e'rror involved in estimating 
the clonal ratios for individual mice the results of these 
analyses were confirmed as follows. All analyses were 
repeated using the mean proportions of CR across the eight 
mnixedl infection mice fed at that time, and also the tippet' and 
lower 95 " ,-, confidence inters als of this mean. -N otie of tltese 
changes altered the conclusions analyses not presented 
3. RESULTS 
(a) Total parasite numbers 
.A f'ull analysis of' total asexual parasite and oocst 
nutiibers has already l)eett presented Taylor el a/. 
1997 . Briefly, in both experiments, mixed-clone 
infections produced higher oocyst burdens thati the 
stint of thc two corresponding control groups. Similarly. 
gamc'tocvte densities in mixed imtfeeuons on the day of 
the feed were significantly higher than the corre-
sponding sum of the CR and ER control infections. 
and probably account for this difference. Oocyst 
burdens following the day 14 p.i. Iced in the two 
experiments were similar. but in experiment 2, oocyst 
burdens f'ollowing the day 18 p.i. Iced were only abort 
lO° d of those on day 14 p.i. 






day 14 day  day 10 
	
day 14 
asexual populations 	transmission populations 
	(h) 
















E 	•4 L 
0.2- 
00 	 1 	i I 
U.n U 	(1.n II) 	day 14 	day 14 	day 18 
• BR 	f1 CR 
day 10 day 14 day 14 
	
day 18 
•BR 	0- - C R 
.:tlixed injections f malaria parasile.s L. H. Taylor and others 931 
(a) 	asexual populations transmission populations 	(a) 
	
transmission 








Figure 2. Clonal composition at sampling points throughout 
the mixed infections in a( experiment I and b) experiment 
2. The error bars are 95 °, confidence intervals. Days refer to 
the day post infection of the mice in all cases clay 0 values 
represent the starting inocula 
Hardy—Weinberg equilibrium in oocysts derived 
from mixed infections 
When mosquitoes took a blood meal from mixed 
infection mice, both self-fertilization and cross-fertiliza-
tion were expected to occur, resulting in hornozvgote 
and heterozygote oocvsts respectively. If random 
mating between the gametes of the two clones occurred, 
alleles in the oocvsts derived from the mixed infections 
should conform to the Hardv—Weinberg equilibrium. 
This was the case for each of the three feeds A = 0.36 
(experiment 1, = 0.06 experiment 2. day 14), 
Xi  = 0.54 (experiment 2. day 18) ; in all cases p > 0.5. 
Relative frequencies of the two clones in mixed 
infections 
In experiment 1, ER constituted 10'',, of the inocula 
of the mixed infections. On day 10 p.i.. just after peak 
asexual parasitaemia, this had risen to 22 ' . Hoss ever. 
in the mosquitoes fed on the infection four days later. 
78, of the alleles of the oocysts were derived from the 
ER clone figure 20). 
In experiment 2. the CR clone, which comprised 
10 Of the initial inoculum, had increased to 14' of 
the infection on day 10 p.i. and to 41 ",, on day 14 p.i. 
Oocvsts which developed in mosquitoes fed on day 
Figure 3. Population sizes of the two clones within the mixed 
infections relative to the single-clone controls for a) 
experiment 1 and (b) experiment 2. The horizontal line 
represents the situation where a clone has equal population 
sizes in mixed and single-clone infections. Days refer to the 
clay post-inlèction of the mice in all cases )clay 0 values 
represent the starting inocula). The mean oocyst burden 
produced from the mixed infections was similar for both day 
14 feeds 70.9 and 79.0 oocvsts per mosquito for experiments 
I and 2. respectively but much lower for the clay 18 feed in 
experiment 2 5.9 oocysts per mosquito). An asterisk denotes 
a significant difference in the population of a clone in the 
single-clone and mixed-clone infections. 
14 p.i. contained 34° 	CR alleles, and those in 
mosquitoes fed on day 18 p.i. showed that 86 '1 0  of the 
successful gametes were derived from the CR clone 
figure 2b. 
None of these ratios differed significantly between 
the blocks of - the experiments, except for the proportion 
of ER in the oocysts of experiment I (for all others p > 
0.1 i.  Mice with mixed infections in the second block of 
experiment I had a higher proportion of CR than the 
mice in the other three blocks 36.2 " ,, compared to 
l7.3°,. 17.6),)  and 19.3°. x = 7.89. p < 0.05). 
Relative success of clones in mixtures and 
single-clone infections 
i 	.-i e', sal P0101/at  ton 
In experiment 1, clone ER was suppressed within 
the mixed infection Ii = 2.67 p < 0.051 having on 
average 9.6 °,, of the asexual density of the ER control 
infections on day 10 p.i. figure 3a. This effect varied 
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significantly between blocks F 4 = 10. 17 1 p < 0.01). 
Suppression within the mixed infections occurred in 
three of the four blocks where ER asexual densities in 
the mixed infections ranged from 54 0,, to I 0 ,, of the 
control ER infections, and ER produced the same 
asexual density in mixed and single-clone infections in 
the fourth block. At the same time, mean asexual 
density of the other clone. CR. across all mice was 
unaltered in the mixed-clone compared to the single-
clone control infections t = 0.78. p > 0.2; figure 3a). 
However, the relative success of CR in mixed-clone 
and single-clone infections varied significantly between 
blocks F4 , = 7.64. p < 0.01 . with suppression of (:R 
within the mixed infections occurring in one of the four 
blocks. 
111 experiment 2, when the CR asexual densities in 
the CR control mice were compared with those in 
mixed infections on day 10 p.i., the initially rare clone 
was again suppressed in the mixer! infection 14 = 7.63. 
p < 0.0001). As part of the mixed infection, CR 
achiever! only 3 ° Oft density it could have achieved 
if ER were not present in the same host. The extent of 
this Suppression varied significantly between blocks 
F3 = 7.18, p < 0.05), but all four blocks showed high 
levels of suppression CR densities in the mixed 
infections ranged from 14 to less than 1 ° of the 
control infections). ER, the majority clone in the 
inoculum had similar asexual densities in mixed and 
single-clone infection = 0.20. p > 0.5), and there 
was no evidence that this result varied between blocks 
F.38 = 1.20, /)> 0.2). 
By clay 14 p.i. of experiment 2, asexual densities of 
ER and CR were not significantly different between 
the mixed and control groups 114 = 0.65, p > 0.5 and 
I 13 = 0.33. p > 0.5, respectively: figure 3b(. For the 
relative successes of CR there was a marginally 
significant difference between blocks 1 F37 = 4.27, 
p 0.07, with suppression within the mixed infections 
occurring in two out Of four blocks. There was no 
evidence of similar processes occurring for the ER 
populations F.38 = 0.30, p > 0.5). 
iii Transmis.lion 1)opulalzon4 
In experiment 1, the numbers of' oocvsts derived 
from the CR clone was similar in single-clone and 
mixed-clone infections tn = 0.06, p > 0.5). However. 
the ER clone produced more oocvsts in mosquitoes fed 
on the mixed inI'ections than in those fed on the single-
clone infections (i = 3.55. p < 0.01). On average, 
mixed infections produced 26 times as many successful 
ER gametes as those in the ER control mice (figure 
3a). There was no evidence of significant differences in 
the relative success of the clones between blocks for 
both clones, p > 0.5). 
In experiment 2, transmission of 'clone CR on day  
14 p.i. was not altered relative to the control (t j = 
0.94, p > 0.2), but ER had higher transmission success 
from mixed infections than from single-clone infections 
(i 4 = 2.56. p < 0.05). ER oocvst burdens were on 
average 4.4 times higher from the mixed infections 
than from the control infections 1 figure 3h). There was 
no evidence that the relative transmission success of  
either clone differed significantly between blocks in 
both cases, p > 0.2). 
Oocst burdens following the day 18 p.i. feed were 
low for all three groups of mice, and differences in the 
transmission successes of both clones between mixed 
and control infections were not significant t = 0.39, 
p >0.5 for ER and 1 33 = 1.43, p>0.1 for CR. 
However. CR within the mixed infection produced on 
average 5.2 times as many oocvsts as in the single-clone 
control infections figure 3 b) .  Again, there was no 
evidence of significant differences in the relative 
transmission success of the clones between blocks iin 
both cases, p> 0.5). 
4. DISCUSSION 
Mathematical models of mixed parasitic infections 
predict very complex dynamics, both over the course of 
an infection rHellriegel 1992: Antia ci al. 1996, and 
over evolutionary time-scales )Levin & Pimentel 1981; 
Nowak & May 1994). The results presented here show 
that the relative frequency of two competing clones can 
alter dramatically over the course of an infection, and 
that the relative frequency of' transmitted genotypes 
can be very different from that at the start of an 
infection. 
The presence of a more numerous competitor in the 
inoculuni suppressed the parasitaemia of the initially 
rare clone in both experiments, whereas initially 
dominant clones achieved parasitaemias comparable 
to control infections. The mechanism by which this 
suppression occurs is unclear, but competition for red 
blood cells and nutrients can limit total parasite 
densities Hellriegel 1992; Yap & Stevenson 1994; 
C;ra\relor ci of. 1995; Hetzel & Anderson 1996, as 
can non-specific host responses Richie 1988). During 
the initial rise in parasite numbers, the ratio of the two 
clones remains approximately the same as the starting 
inocula in both experiments. This suggests that direct 
interference between the two clones was not occurring, 
but that factors limiting total parasite densities resulted 
in suppression of the minority clone relative to its 
control infection (resource competition or immune-
mediated apparent competition ienju Holi. 1977). The 
rate at which an initially rare clone is able to increase 
in frequency within mixed infections probably depends 
on the relative competitive abilities of' the clones, their 
growth rates and the relative strengths of strain-specific 
immunity induced in the host. Of the two clones used 
here, ER seems to be able to increase its representation 
the fastest figure 2). 
Within-host population sizes from the main part of 
the infection poorly predicted transmission success 
(figure 2). Relative frequencies of the genotypes in 
oocysts were not directly related to their starting 
inocula, and could not be predicted from the asexual 
composition of the infection four days prior to the feed. 
All three groups of mice showed that the initially rare 
clone dramatically increased its representation (per-
centage ofall parasites) in the oocyst population relative 
to its frequency in the asexual population four days 
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earlier. In all experiments the clone introduced as the 
minority of a mixed infection produced as many 
oocYsts or more than it did as a single-clone infection 
figure 3. When ER was the initially rare clone, for 
example, its transmission was 20-fold higher than that 
which it achieved its a single-clone infiction. We 
assayed transmission at specific time points, rather 
than throughout the infections. Nevertheless, density 
on day 14 p.i. is probably a reasonable approximation 
to total transmission: gametocytes are produced f'or 
only a short period during P. chabaudi infections in 
mice, with very low densities prior to day 12 p.i. 
and from day 18 p.i. onwards Read & Anwar, in 
preparation; Buckling ci al. 1997). 
These results do not support the assumption made in 
many models of virulence e.g. May & Anderson 1990; 
Gupta & Day 1996; see reviews h' Bull 1994 Frank 
1996i that within-host replication rate is directly 
correlated with transmission From the infection. ER 
forms the majority of the transmission on clay 14 of 
both experiments, despite starting as the minority of 
the mixed infection in the first and the majority in the 
second. Furthermore, in the experiment 1 feed and the 
experiment 2 day 18 feed, the initially rare clone, 
which was heavily suppressed in the early stages of the 
mixed infection, contributed the majority of the 
transmission population. This co-infection' is more 
complex than that assumed by some current models 
dealing with super-infection', where a superior com-
petitor takes over a host to exclude the other from 
transmission altogether Levin & Pimentel 1981; 
Bremermann & Thieme 1989: Nowak & May 1994. 
In all three feeds, both clones contributed to the 
transmission population, with random mating oc-
curring between the gametocytes of the two clones as 
has previously been observed for P. Jalciparuin 
Ranford-Cartwright ci al. 1993) and P. i'zrax 
(Rosenberg ci al. 1992). 
There are at least two explanations for the dramatic 
differences in relative frequency of the two clones in the 
transmission population and in the asexual population 
four days earlier. First, there may he changes in the 
gametocyte conversion rate of the parasites within the 
mixed infections. Previous work using P. chabaudi in 
splenectomized rats indicated that gametocytes of P. 
chabaudi take four days to mature I Cornelissen & 
Walliker 1985). If this is the case in mice, oocysts 
sampled from a feed would be derived from gametoctes 
whose development was initiated four days previously. 
This assumption was the basis of our sampling regime 
in these experiments. If it is correct, the initially rare 
clone which was heavily suppressed within mixed 
infections must have produced a higher number of 
gametocytes, and hence oocvsts, per asexual parasite 
than the initially dominant clone. Such a result could 
he predicted from life history theory where an organism 
being suppressed in one type of development here. 
asexual proliferation should divert resources to 
another, such as transmission stage production (Stearns 
1992: Buckling ci al. 1997. 
Second, there may he marked alterations in parasite 
density and clonal composition between these two 
points in time, with gametocyte density of each clone  
correlated with its asexual density. Very recently it has 
been suggested that, in mice, gametocytes of P. chabaudi 
could take only 48 hours to develop from merozoite to 
full maturity rGautret ci al. 1997). As gametocyte 
development appears to he decided before the mero-
zoite invades a new red blood cell (Bruce ci al. 1990), 
it is still not clear exactly how long the period between 
commitment to gametocyte development and func-
tional maturity may be. If this period is around two 
clays, the composition of the gametocyte (and hence 
oocyst) populations would reflect the composition of 
the asexual populations fewer than four days prior to 
the feed. Strain-specific immune clearance might allow 
the initially rare clone to dominate the asexual 
Population later in the infection when conversion to 
transmission stages occurs, and hence to increase 
transmission. Rapid changes in the genotypic com-
position of asexual populations can occur in P. 
fa/ciparum-infected humans (Dauhersies ci al. 1996) and 
in P. chahaudi-infected mice (Read & Anwar, in 
preparation). Such changes in asexual dynamics are 
unlikely to be absolutely synchronous between mice, 
and could therefore contribute to variation between 
blocks in the clonal composition of the asexual 
population. 
It is not possible to formally rule out either 
explanation with our data, but the second experiment 
gives some insight. On day 14 p.i., the clonal frequencies 
in the asexual populations are remarkably similar to 
those found in mosquitoes fed that day (figure 2b), 
perhaps most consistent with the second explanation. 
It seems likely that ER was a superior competitor 
whether it started as a minority or as a majority of the 
inoculum, and was consequently able to dominate the 
asexuals of the mixed infections on day 14 in both 
experiments, and that the higher transmission results 
from this. Clone CR also manages to dominate the 
transmission population in experiment 2, but not until 
day 18 p.i. This suggests that dominance of the initially 
rare clone later on in infections may be a general 
phenomenon, but with the precise timing determined 
by differences in competitive ability between the 
clones. 
Our results show that a clone can produce as many 
or more oocvsts when it is the initially rare clone in a 
mixed infection as when it is infecting a host on its own. 
If initially rare clones can increase transmission by 
having a later peak of infection, then why do they not 
do this in single-clone infections? Part of the answer 
may relate to the ecology of P. chahaudi in its natural 
host, Tliainnoniy.i ruiilans, where it is described as a 
persistent. chronic infection Landau & Chahaud 
1994i with many hosts harbouring more than one 
genotype Beale ci al. 1978). Mixed infections of the 
human malaria, P. falciparum, are also common 
(Creasey ci al. 1990: Day ci al. 1992. It may he that 
malaria parasites have evolved to maximize trans-
mission from mixed-genotype infections genotype 
infections, The fact that asexual success does not 
correlate with increased transmission begs the question 
of why parasites produce such a large population of 
apparently functionless asexuals in both single and 
mixed infections (Taylor & Read 1997). 
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APPENDIX I 
Controlling for differential affinity of monoclonal 
antibodies 
Two factors could produce a biased estimate of the 
ratio of the two clones assessed by immuno-fluorescent 
antibodies. The antibodies mat - vary in their affinities 
to their respective protein targets, or the expression of 
the target antigen may vat - between clones. Differences 
between clones in the timing of schizogonv, and hence 
the expression of the target antigen MSP- I. have been 
observed in P. cliabaudi McLean 19861. 
To control fbr any such biases, mixtures were 
constructed and analysed as follows Appropriate 
volumes of blood from mice infected with known 
parasitaemias of the CR or ER clones were pooled to 
give 1 1 mixtures ranging from 5, to 95 ',, ER. These 
mixtures were rinsed five times in PBS and pipetted 
onto multispot slides as with the experimental samples. 
The protocol detailed in the methods section was 
repeated exactly on these control mixtures. Control 
mixture slides were made on three separate occasions. 
All ratios were counted from examination of these 
slicks under UV light and were plotted against the true 
i knowni ratio of the parasite clones in the mixture. 
The results show it higher affinity of the H2 monoclonal 
antibody binding to ER relative to B18 binding to 
(:R), leading to an overestimated proportion of ER 
parasites see figure 41. The equation for the least 
squares best fit line through all datapoints and forced 
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Figure 4. Controlling for differential affinity of two mono-
clonal antibodies. Observed against true proportions of ER 
for the three sets of artificial mixtures. The fitted line has the 
equation y = .v+0.4465x x - 1. 
counts of parasites obtained from the experimental 
mouse blood samples were adjusted for the slight Was 
in affinity using this fitted equation actual proportion 
ER = +0.4465x x - 1 . where x = observed propor-
tion ER. 
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Why So Few Transmission Stages? 
Reproductive Restraint by Malaria Parasites 
L.H. Taylor and A.F. Read 
Vast numbers of malaria parasites exist in a population: 
perhaps 1010  in just one vertebrate host. Yet gametocytes, 
the only stage capable of transmission, usually constitute 
just a few percent or even less of the circulating parasites. 
lAThy? Parasite fitness should be intimately linked with trans-
mission probability and infectiousness rises with gametocyte 
density. Here, Louise Taylor and Andrew Read propose 
several testable hypotheses that might explain why natural 
selection has not favoured variants producing more trans-
mission stages. 
It may seem somewhat counter-intuitive to ask why 
malaria parasites do not produce more transmission 
stages. They obviously produce enough to ensure per-
sistence, despite a massive onslaught from medical 
science. But evolution is about more than persistence: 
it is about maximizing genetic representation in sub-
sequent generations. On the face of it, malaria para-
sites appear not to do that. Of the enormous numbers 
of parasites produced during infections, only a small 
fraction are capable of transmission, with the rest con-
signed to death within the host. Is this because hosts 
suppress gametocyte densities or because reproduc-
tive restraint by the parasite is favoured by natural 
selection? Either possibility implies the existence of 
factors limiting transmission. It would seem or more 
than just academic interest to identify these: in princi-
ple they could be enhanced (or, equally, inadvertently 
relaxed) by intervention strategies. 
How many gametocytes? 
Most people with clinical malaria exhibit few, if any, 
gametocvtes. In Plasmodium falciparum infections, this 
may simply reflect the early onset of symptoms rela-
tive to gametocvte maturation, but it is also true 
for P. vivax, which has a much shorter gametocvte-
maturation period. When gametocvte-positive people 
are found in epidemiological surveys, gametocvte 
densities in peripheral blood are at least an order of 
magnitude lower than those of asexual parasites (Table 
1)13. The difference may actually be even greater 
than that because, at low densities, gametocvtes are 
easily missed. Longitudinal studies of experimentally 
induced malaria infections in humans, chickens, pri-
mates and rodents all show that gametocvte densities 
are much lower than asexual densities and remain so 
throughout the infection (eg. Fig. 1; Ref. 14). Similarly, 
at any point in time, the proportion of hosts with 
detectable gametocvtes is always lower than those 
with detectable asexuals, usually with substantially 
fewer than half of parasite positive people harbouring 
gametocvtes (Table 1; Fig. 2). Taken together, these 
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observations show that the vast majority of malaria 
parasites produced are asexuals incapable of trans-
mission. 
Is more better? 
Defining fitness for any organism is not easy 15 and 
no less so for parasitic organisms 16 . For malaria para-
sites, one component of fitness is the number of mos-
quitoes infected. But there is also a second com-
ponent. Mixed-clone infections are common 17, so that 
frequency relative to other genotypes in the gamete 
pool of a bloodmeal (and hence in the subsequent 
oocvst and sporozoite load) is also crucial. Combining 
these components into a measure of fitness is very 
difficult, not least because the total number of new 
infections generated by a clone (analogous to lifetime 
reproductive success) is likely to be the target of 
selection in an endemic region, whereas the number 
per unit time (analogous to the Malthusian growth 
parameter) may be the target in epidemic situations. 
Nevertheless, a formal and general definition is not 
crucial here. If greater gametocyte densities result in a 
greater contribution to the gamete pool in a blood 
meal and in more mosquitoes becoming infected, they 
should be favoured by natural selection. 
Broadly speaking, higher gametocyte densities do 
lead to increased transmission. Ideally, the effect of 
gametocvte density per se would be examined by test-
ing the infectiousness of a single progressively diluted 
or concentrated sample. To our knowledge, no such 
experiments using fresh blood samples from humans 
have been done, although this approach has been 
used to show that gametocvte density is an important 
determinant of P. gahlinaceum inrectiousness 8 . Work 
on cultured P. falciparum has found that up to tenfold 
dilutions of gametocyte preparations actually led to 
increased infectivity 19 . However, gametocyte densities 
used in those experiments resulted in oocyst burdens 
far in excess of those found in Nature (mean oocvst 
burdens >150 per gut compared with <5 in wild-
caught mosquitoes) so that limiting factors not nor-
mally relevant may have been operating. Similar ex-
periments that produce more realistic oocvst burdens 
would be of considerable interest. Due care to control 
for the effect of the concentration of any inhibitory 
factors in blood is also required. 
The most common approach used to examine the 
role of gametocyte dentv on infectivity has been to 
feed mosquitoes, either directly or through membrane 
feeders, on the blood of naturally infected humans. 
These studies typically show that gametocvte density 
is indeed positively correlated with infectiousness 
(both the proportion of mosquitoes infected and mean 
oocvst burden)3 3203  In all cases there was con-
siderable scatter, and some studies found that gameto-
cyte density was related to the proportion of mosqui-
toes infected but not to oocvst loads 4 while others 
have found no correlation at all. The overdispersion 
crosirciogy TOCo/, .01 	2. 'o - 	97 	 . 	 -:i' 	 35 
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Table I. Prevalence and densities of gametocytaemia in people infected with various Plasmodium soecies 
Number of Infections with In infected people, density 
people gametocytes (per pi.l blood) of: 
(n) (%) Asexuals 	Gametocytes Ref. 
Plasmodium faiciparum 
SyrnproMOUCS a  
Brazil IS 179 17 
Sri Lanka 1175 9 2 
Cameroon 10781 5 5212 	 163 3 
European neurosyphilitics 35 86 26 379 485 4 
Asymptomatics 
Sri Lanka 1787 40 2 
Netherlands New Guineab 1566 8 5 
Papua New Guinea 1541 10 6 
Papua New Guinea II 	816 13 7 
Papua New Guinea 1805 10 8 
Nigeria —5000 24 9 
Nigeria 800 7 10 
Mozambique 1782 5 2098 	 146 II 
Gambia 127 18 12 
Plasmodium vivax 
Symptomavcs 
Thailand 496 7191 	 455 13 
Sri Lanka- 1175 62 2 
Asymptomaticz 
Sri Lanka 1787 62 2 
Papua New Guinea 1541 36 6 
Netherlands New Guineab 1566 II 5 
Plasmodium malariae 
Asymptomotics 
Papua New Guinea 1541 32 6 
Netherlands New Guineab 1566 ITS 5 
Studies of symotomatics are those involving patients seeking medical treatment (n = number of people seeking treatment): asymptomatics are those 
found in passive detection surveys (n = number of people surveyed). 
Now inan jays. 
Mean of four point surveys. 
Study only included gametocyte-positive people. 
of oocvsts per vector" and the necessarily small 
samples involved must add considerable noise, but 
there are also biological reasons to expect variability. 
Many host-, parasite- and vector-derived factors are 
known to affect infectivity 18 . In P. berghei infections in 
mice, for example, infectiousness is reduced b y a 
reversible humoral response against asexual para-
sites 7. In field studies, infected human blood comes 
from people of different ages, with different exposure 
histories and at different stages of a malaria infection. 
A clearer correlation between gametocyte density 
and the proportion of mosquitoes infected is found in 
Plasmodju m- treated syphilitic patients with no previous 
malaria exposure 4  and for rodent malarias when mos-
quitoes are fed on naive mice at fixed points in the 
infections (L.H. Taylor et al., unpublished). These data, 
and the fact that correlations between gametocyte den-
sitv and infectiousness are frequently detected in the 
field despite considerable noise, argue that, all other 
things being equal, higher gametocyte density in a 
bloodmeal is associated with greater infectivity. 
So why not more? 
Since parasite infectiousness increases with gameto-
cvte density, why does selection not favour variants  
producing more gametocvtes? Higher densities are 
biologically feasible. Plasmodium infections in lizards 
can be dominated by gametocvtes 8 and maximum 
recorded gametocvte densities in human infections 
are usually well above average values. For example, 
68400 ,i.i and 17000 have been found while 
treating neurosvphilitics 4 . 10 and, in the field, maxima of 
1200 p.l 1 and 1208 were about an order of mag-
nitude greater than the average densities found in the 
same studies 3 '21 . How much of this variation is due 
to differences between parasites is unclear, but it is 
well known that there is genetic variation in rates 
of gametocvtogenesis' 8 '2931  on which selection for 
increased infectiousness could act. 
So why does it not? Assuming no undiscovered vari-
ation in the timing or sites of gametocyte circulation 
(ie. that observed gametocvte densities are indeed 
those occurring in bloodmeals), two broad categories 
of explanation seem plausible: (1) observed densities 
are determined by host immune responses, with vast 
numbers of gametocytes being rapidly cleared; or 
(2) gametocyte densities are determined by the rate at 
which they are produced, but some other source of 
natural selection acting on the parasite is favourin g 
reproductive restraint. 
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Rapid immune clearance 
Several observations are consis-
tent with the idea that antigameto-
cyte responses by the host might 
directly suppress gametocyte den-
sities. After a peak in very young 
children, gametocyte and asexual 
prevalences in endemic regions 
decline with host age, but more 
rapidly for gametocvtes (eg. Fig. 2; 
Refs 6, 9, 32), as might be expected 
if there are acquired, gametocyte-
specific clearance mechanisms. 
Some studies have shown that 
intensive vector and drug control 
leads to a marked drop in parasite 
prevalence but an increase in 
gametocvte-positive infections in 
all age groups59 . One explanation 
for this is that reduced exposure 
allows levels of natural ant-
gametocvte immunity to wan&. 
In Irian Java, semi-immune people 
had lower gametocvtaemias than 
recent (non-immune) immigrants, 
a difference which could not be 
attributed to differences in asexual 
densities, drug use or illness 32 . 
Gametocyte prevalence among the 
recent migrants waned over a 14 
month period after arrival, even 
though asexual prevalence did  
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(neurosvphilitic) patients, gameto- 
cytes were produced more fre- 
quently and at greater densities 
than in areas from which the para-
sites were originally isolated 10 . 
There is, however, rather little 
direct experimental evidence of 
garnetocvte clearance independent 
of asexual clearance. One mecha- 
nism which could reduce gameto- 
cvtaemia involves specific T-ceil mediated immunity. 
Non-exposed human T cells are known to proliferate 
and secrete interferon gamma (IFN--1') in response to 
gametocyte-specific antigens 33, though there is no 
direct evidence that they remove gametocvtes. In 
mice vaccinated with P. woeiii gametes, infections 
have reduced gametocvtaemias, and this effect can be 
passively transferred with splenic T cells. In P. faicip-
arum infections, T cells stimulated by gametocvtes 
could act to destroy immature gametocvres via 
cytokine action in their sequestering sites. This could 
remove large numbers of gametocytes from the host 
before they ever reach the bloodstream. However, 
these mechanisms are probably just as potent against 
sequestering asexuals, and would not explain low 
gametocyte densities in P. t'zvax, where gametocvte 
sequestration probably does not occur. Furthermore. 
if T-ceil mediated gametocvte removal was impor-
tant, there would be strong selection for total conver-
sion to gametoctes early in the infection before the 
development of the T-cell response. That is not what 
is generally observed (eg. Fig. I). 
Could an as vet undiscovered mechanism be 
responsible for large-scale removal of gametocytes and 
hence their relative rarity? The most compelling evi-
dence against this idea is that higher gametocvte den-
sities can be induced in 'ivo without obviously alter-
ing immune responses. This should not be possible if 
host immunity was entirely responsible for suppress-
ing densities of circulating gametocvtes. In rodent 
models, for example, blood transfusion 35, treatment 
with phenvihvdrazine36 and subcurative doses of 
antimalarial drugs 37 increase gametocvte densities. 
More ambiguously, sevefal selection experiments have 
inadvertently resulted in lines that produce more 
game tocv tes 3031 - 
Selection favours restraint 
Thus, at least in animal models, gametocyte den-
sities can be increased. That, coupled with the need to 
invoke an undiscovered yet highly effective immune 
response, argues against the idea that host-mediated 
gametocyte killing is wholly responsible for suppress-
ing gametocvte densities to observed levels. If hosts 
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Fig. 1. Densities of asexual parasites (solid lines) and gametocytes (dotted lines) 
through time in experimentally induced infections of a singie host. Sporozoite-
induced P. faic;parum in a non-immune human (a); sporozoite-induced P. vivax in a 
non-immune human (b); sporozoite-induced P. gailinaceum in criickens (c: blood-
stage induced P. bergriei in three mice (d). RBC, red blood cell. (Redrawn, with 
permission. from Refs 18. 29. 6 I.) 







10ff— 	1% ,_ - - ItIuS 
- 	 S - 
L 	 - - 
0 
<1 	1-4 	5-9 1-14 15-19 20-29 30-39 
Age group (years) 
are not directly suppressing garnetocvte densities.. the 
explanation for their relative rarity must lie in low 
rates of conversion of asexuals to gametocvtes. What 
selection pressures might counter the fitness benefits 
of producing more transmission stages? 
The most obvious is that conversion to gametocytes 
necessarily results in the loss of potential asexual repli-
cation. For example, in the ten days the —20 progeny of 
a P. faiciparuin schizont take to mature into gameto-
cvtes, the same progeny could undergo five further 
rounds of asexual replication to generate 20 asexual 
parasites. Such enormous potential may generate more 
antigenic variation, confer a competitive advantage in 
mixed-genotype infections, or maximize parasite num-
bers before the development of host immunity. Natu-
ral selection should therefore optimize the timing and 
rate of conversion and this probably explains why con-
version rates are generally low early in infections. 
However, the relative cost of gametocytes in terms of 
lost asexual reproduction is dramatically reduced if 
there is a low chance that a merozoite will successfully 
invade an erythrocyte, or if protective responses are 
directed preferentially against the more numerous 
asexuals, as might be expected. Once asexual popu-
lation growth has been checked by the host, the trans-
mission benefits of increased gametocyte densities 
should apply. 
Why might natural selection favour variants which 
restrict gametocvte output? We suggest two testable 
hypotheses: density-dependent effects of gametocyte 
density on either mosquito survival or on the develop-
ment of t'ransxmssion-blocking immunity. 
Mosquito survival. Malaria parasites migrating 
through the mosquito body can inflict considerable 
damage-',5 . Whether this translates into reduced vec-
tonal capacity is controversial. Work on animal models 
has reported density-dependent mortality 39 '40, but crit-
ics have argued that the oocvst burdens that generate 
this effect are far larger than those found naturally 41 . 
Field evidence is harder to interpret. Wild-caught 
mosquitoes with more than ten oocysts are rare 443 , 
whereas batches of laboratory mosquitoes fed on 
cultured or rodent gametocvtes can 
develop an average of more than 100 
oocvstsl9.26. This difference may arise 
because heavily infected mosquitoes 
in the wild suffer greater mortality 
or because laboratory lines are cho-
sen for their susceptibility to infec-
tion. In Sri Lanka and Burkina Faso, 
laboratory-reared mosquitoes fed on 
blood from humans with gameto-
cvtes had mortality rates similar to 
controls fed uninfected bIood 20 . 
And survivorship of wild-caught 
Anopheles funestus and An. gainbiac 
subsequently maintained in the lab 
was almost identical for sporozoite-
40-49 50+ 	 positive and -negative mosquitoes 41 . 
Thus, the most direct evidence from 
the field provides no support for 
the idea that density-dependent 
gametocvte-induced mortality might 
select for lower conversion rates. 
J 	Transmission-blocking imnmnzi,zitu. If 
circulating gametocvtes elicit host 
responses in a density-dependent manner, natural 
selection may favour parasite variants that maintain 
low gametocyte densities to avoid or slow the devel-
opment of transmission-blocking immunity. This idea 
presupposes that effective transmission-blocking 
immunity occurs in the field, that its efficacy 
increases as gametocvte density rises, that it acts 
during the course of a single infection, and that it is 
not wholly crossreactive with immunity against 
asexuals. 
There is good evidence for each of these from 
animal models 18 ' 4346 . Several mechanisms or trans-
mission-blocking immunity have been identified: 
antibody-mediated responses that interfere with 
fertilization or zvgote/ookirmete development in the 
mosquito mid- t18,47  and cvtokine-mediated inacti-
vation of circulating gametocvtes during periods of 
peak parasitaemia' 49, and the T-cell-mediated 
removal of gametocytes we discussed above'. Experi-
ments involving vaccinations with attenuated (dead) 
gametocvtes or gametes show that serum-mediated 
transmission blockage is dose-dependent4346 '30 and 
can be boosted by reinfection 31 . 
In the field, the picture is more complex. Most of the 
work has focused on antibody-mediated responses, 
and there is compelling evidence that these occur natu-
rally and can block trans ission 52 . For example, in 
Papua New Guinea, 76% of serum samples reduced P. 
falciparum infectivity5 , and in an endemic region of Sri 
Lanka, 70 17c of serum samples reduced transmission of 
P. vwax, and 22% blocked it completely 53 . However, 
there is a strong impression that immune memory 
either does not develop or wanes rather rapidly after 
infection51 and, to be effective, needs frequent reboost-
ing55 . This may explain the variable responsiveness to 
gametocvtes of serum samples from people in endemic 
areas, and why non-responders are common] 1,47.51.5n. 
Thus, while evidence from animal models is 
compelling, evidence from the field for the sort of 
transmission-blocking immuni tv necessary to generate 
selection in favour of reduced gametocyte output is 










Fig. 2. Age prevalence curves for asexual parasites (solid lines) and gametocytes 
(dotted lines) of P. falciparum in the wet (bold lines) and dry (normal lines) seasons in 
PaQua New Guinea. (Redrawn, with permission. from Ref. 7.) 
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the (understandable) emphasis on immune mecha-
nisms with a long-term memory component for 
vaccine development. As far as our hypothesis is con-
cerned, memory is irrelevant. Even transitory blocking 
would be sufficient to impose selection. What matters 
is whether blocking is elicited by gametocytes in a 
density-dependent manner during a single infection. 
The timescale is right: effective transmission-blocking 
immunity can arise during a primary infection of both 
P. -'zvax 5738 and P. falciparum35 . Field tests for density-
dependence would require experimental manipulation 
of levels of exposure to gametocytes analogous to the 
work on animal models and, unsurprisingly, have not 
been performed. It is an attractive possibility, 
amenable to theoretical analysis, that one source of 
noise in the positive but generally weak relationship 
between gametocvte density and infectivity across 
people is variation in their current or recent exposure 
to gametocvtes. 
An obvious experimental test of the hypothesis that 
transmission-blocking immunity is the crucial selec-
tive factor limiting gametocvte densities would be to 
induce artificially high gametocvtaemias, and then 
determine whether responses to these reduced subse-
quent transmission efficiency. In the field, we should 
observe that gametocyte densities higher than normal 
are more immunogenic. As well as explaining why 
gametocvte densities remain low despite the selective 
benefits of higher densities in naive hosts, the 
hypothesis may also explain several related phenom-
ena. For example, intuition and simple evolutionary 
models 59 suggest that, all other things being equal, 
conversion rates should continue to rise, culminating 
in whole-scale conversion to gametocytes as the para-
site population begins to be cleared from the host. So 
far as we are aware, there has never been a report of 
malaria parasites in birds or mammals producing a 
gametocvte wave with a density approaching any-
thing like that of the asexual populations from which 
they were derived. In injections in lizards, however, 
that situation may be common; it should be possible 
experimentally to determine whether lizards develop 
transmission-blocking immunity. Various related 
Apicompiexa have asexual reproductive cycles which 
culminate in total conversion to gametocytes; none of 
these has unlimited potential for asexual replication 
and so, for any clone, the development of transmis-
sion-blocking immunity has no fitness consequences. 
Finally, one possibility is that it is not the absolute 
level of gametocytes which is the target of any selec-
tion imposed by transmission-blocking immunity, 
but rather their density relative to asexuals. Asexual 
parasites are highly immunogenic, and being special-
ized to evade immunity could distract the immune 
system away from gametocvtes. This could explain 
why gametocvtes remain relatively rare in all age cat-
egories. SindenZ7  has actually argued the opposite 
because there is some evidence, principally from P. 
berghei, that host responses to asexual parasites may 
reduce infectiousness. If such a phenomenon is wide-
spread and effective throughout an infection (ie. not 
I ust a consequence of crisis factors and paroxysm), 
there ought to be selection for high gametocvte pro-
duction early in the infection, which is not generally 
observed (eg. Fig. 1). Indeed, large-scale conversion 
to gametocytes throughout an infection is one way a 
parasite could regulate population growth 59 were 
asexuals really inhibiting transmission. 
Conclusions 
We have proposed several hypotheses to explain 
why transmission stages are so rare in malaria popu-
lations, and no doubt there are others. Those we have 
discussed are testable, both empirically and theoreti-
cally, and need not be mutually contradictory. Two 
are plausible contenders. Large numbers of gameto-
cytes could be removed by hosts before they enter 
peripheral blood. This requires an immune mecha-
nism that is much more effective against gametocytes 
than any directed against asexual parasites, which 
has a substantial impact on transmission, and about 
which we know almost nothing. Given current levels 
of ignorance, that must remain an important possi-
bility. An attractive alternative is that transmission-
blocking responses elicited in proportion to gameto-
cyte densities impose selection for reproductive 
restraint by the parasites. 
Earlier this century, Garnham°° was in no doubt 
about the 'scanty appearance' of gametocytes in tropi-
cal Africa but did not comment on wh y they should 
be so rare. These days, the absence of detectable trans-
mission stages in the majority of human Plasmodium 
infections is frequently described but still draws little 
comment (except, as a referee pointed out, perhaps 
over coffee). In evolutionary ecology, the resolution 
oi apparently paradoxical examples of reproductive 
restraint has almost always provided insightS;  in the 
case of malaria parasites, it might also generate more 
informed decisions about the design and evaluation 
of control strategies. 
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Adaptive changes in Plasmodium transmission strategies 
following chioroquine chemotherapy 
ANGUS G.J. BUCKLING, LOUISE H. TAYLOR,JANE M.-R. CARLTON 
AND ANDRE\\ F. READ 
In5liIule of Cell, Animal and Population Biology, Division of Biological Sciences, Uniier.city of Edinburgh, 
Edinburgh EH9 31 T, UK 
SUMMARY 
Both theory and data suggest that malaria parasites divert resources from within-host replication to the 
production of transmission stages (gametocytes) when conditions deteriorate. Increased investment into 
transmission stages should therefore follow subcurative treatment with antimalarial drugs, but relevant 
clinical studies necessarily lack adequate control groups. \\ 7 e therefore carried out controlled experiments 
to test this hypothesis, using a rodent malaria Plasmodium chahaudi) model. Infections treated with a 
subcurative dose of the antimalarial chioroquine showed an earlier peak and a greater rate of gametocyte 
production relative to untreated controls. These alterations led to correlated changes in infectivity to 
mosquitoes, with the consequence that chloroquine treatment had no effect on the proportion of 
mosquitoes infected. Treatment of human malaria commonly does not result in complete parasite 
clearance. If surviving parasites produce compensatory increases in their rate ofganletocvte production 
similar to those reported here, such treatment may have minimal effect on decreasing, and may actually 
increase, transmission. Importantly, if increased investment in transmission is a generalized stress 
response, the effect might be observed following a variety of antimalarial treatments, including other 
drugs and potential vaccines. Similar parasite life history counter-adaptations to intervention strategies 
are likely to occur in many disease-causing organisms. 
1. INTRODUCTION 
Strategies of resource allocation that maximize fitness 
can differ between benign and stressful environments. 
Consequently, natural selection often favours pheno-
typic alteration of reproductive effort in response to 
stress Nlinchella & LoVerde 1981 : Crowl & Covich 
1990; Roff 1992; Stearns 1992. In disease-causing 
organisms, such adaptive alterations could render 
intervention strategies against parasitic diseases less 
effective than anticipated. During the course of an 
infection, malaria parasites Plasmodium spp. 'l are 
capable of modulating the proportion of replicating 
parasites I asexuals that develop into non-replicating 
transmission stages ganletocvtes) . If this modulation 
is stress-induced, medical interventions, such as 
chemotherapy. could lead to greater investment in 
gametocyte production. thus offsetting much of the 
transmission-reducing benefits of killing parasites. 
Here we test this idea experimentally using a rodent 
malaria—mouse model. 
Extrapolating from metazoan life history studies, 
there are two reasons to expect that malaria parasites 
will switch investment from asexuals to gametocytes 
when conditions deteriorate. First, increased repro-
ductive efflirt should occur following cues associated 
with decreased probability of future survival or 
reproduction. For example, enhanced egg production 
has been demonstrated in snails following exposure to  
castrating trematode infections the fecundity com-
pensation hypothesis Minchella & LoVerde 1981). 
Increased investment by malaria parasites into gameto-
cytes should therefore occur in response to environ-
mental cues associated with the decline in future 
transmission potential, such as clearance of the 
infection or the onset of transmission-blocking im-
munity i Koella & Antia 1995; Taylor & Read 1997). 
Second, if conditions change such that one life history 
stage becomes relatively more vulnerable than another, 
increased investment into the least vulnerable stage is 
predicted the 'safe harbour' hypothesis; Shine 1978). 
In the Jerusalem artichoke Heitanthus tuberosu.c L.), for 
example, inhibition of sexual reproduction by re-
moving flowers results in increased investment in 
asexual reproduction via tuber development Vestley 
1993). If conditions become less favourable for asexuals 
relative to gametocytes for example as stage-specilic 
immunity develops, increased investment into trans-
mission is again predicted. 
The environmental cues that stimulate gametocyte 
production gametocvtogenesis) are poorly understood 
Sinden 1983: Carter & Graves 1988; Alano & Carter 
1990, but there is some evidence that the rate of 
gametocyte production increases in response to con-
ditions unhmvourablc for asexual replication. P. Jici-
parum the most common and virulent human malaria 
parasite) produces more gametocytcs in vitro when 
there is a high density of parasitized red blood cells 
Proc. R. Soc. Lond B 1997 264, 553-559 
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Carter & Miller 1979: Brockelman 1982: Bruce et al. 
1990 By definition, antimalarial drugs acting against 
blood-stage parasites impose considerable stress, and 
some also have a greater inhibitory effect on asexual 
parasites than on gametocytes. Increased gametocyto-
genesis following treatment that greatly reduces para-
site numbers is therefore to he expected. However, here 
the evidence is more ambiguous. 
Early in mo clinical trials with human Plasmodium 
frequently reported more gametocytes following treat-
ment with drugs inhibiting folate metabolism and 
hence DNA synthesis e.g. paludrine, pvrimethamine 
and the sulphonamides : Findlay et al. 1946: Mackerras 
& Ercole 1948: Shute & Maryon 1951: Foy & Kondi 
1952: Rarnakrishnan et of. 1952; McCarthy & Clyde 
197:3 More recently, increased gametocyte pro-
duction has also been reported in P. Jalciparuni 
infr'rtions following treatment with Fansidar, a syn-
ergistic combination of pvrimethaniirie and sulpha-
duxine Tin & Nvunt-Hlaing 1984: Marwoto et al. 
1986 1. However, these increases occurred more rapidly 
than the 8-10 day maturation period of P. fafciparum 
gametocytes Smalley 1976: Jensen 1979. and other 
studies using Fansidar with longer killow-up periods do 
not support the hypothesis Strickland el al. 1986: 
Hogh ci of. 1995. With other blood-stage anti-
malarials, such as chloroquine or quinine,  most clinical 
studies have found no increases in gametocvtogencsis 
following subcurative treatment e.g . Mackerras & 
Ercole l949a:Jeffery el al. 1956;Jeflrv 1958: 1-logh et 
of. 1995. These data have given rise to the con-
ventional wisdom that only drugs which inhibit DNA 
synthesis are capable of inducing increased gameto-
cvtogenesis Carter & Graves 1988: Alano & Carter 
1990. even though there may be exceptions i Mack-
crras & Ercole 1949 b:, 
But all these data have a common problem: 
chemotherapy may have been used when increases in 
gametocyte production would have occurred anyway. 
This is particularly likely if the conditions stimulating 
both gamctocvtogenesis and symptoms i and hence 
treatment approximately coincide, as would be the 
case if, for example, high parasite densities or host 
stress were a common trigger. Understandably, no 
studies included appropriate untreated control infec-
tions, so that the effect of subcurativc' antimalarial 
chemotherapy on gametocyte production has yet to he 
resolved. 
If enhancedgametocvtogenesis can occur following 
suhcurative treatment, reductions in infectivity might 
not he nearly as great as reductions in morbidity. This 
may have implications for malaria control and epi-
demiologv, particularly if increased gametocvtogenesis 
is a generalized stress response stimulated by a variety 
of treatments. We therefore carried out controlled 
experiments using a P. e/iabaudi-mouse model to test 
the life history prediction of increased gametocyto-
genesis following subcurative chloroquine chemo-
therapy, and to determine any impact on subsequent 
infectivity to a mosquito vector. Chloroquine CQ) 
was used because of its wide availability in malaria-
endemic areas and the general view that its use does 
not result in increased ganletocytogenesis (Carter & 
Graves 1988; Alano & Carter 1990. In addition, it 
only affects asexual parasites and immature gameto-
cytes (Smalley & Sinden 1977. so that increased 
gametoctogenesis might he expected on account of 
both the fecundity compensation and safe-harbour 
hypotheses. 
2. MATERIALS AND METHODS 
Parasites and hosts 
Male C57/BL/6J mice Harlan-Olac. England aged 8-14 
weeks were infected with 1 x 10 6  red blood cells infected with 
a CQ-naive P ehabaudi clone either CR or ER. from the 
WHO Registry of Standard Malaria Parasites maintained at 
the University of Edinburgh, t'K( in a 0.1 ml intraperi-
toncal inoculum of 50 Ringer's solution 27 mM KCI. 
27 mM C:aCl 0 . 0.15 NI NaCl i, 45 , heat-inactivated calf 
serum and 5,, 200 units m1' heparin solution Mice, 
age-matched within experiments, were housed in cages of 2 4 
animals at a temperature of 25± 1 0 C with a 0700 to 1900 
hours light cycle, and provided with 41B rat and mouse 
maintenance diet Harlan-Teklad, Englanch and water 
containing 0.05 ',, pABA. ad libitum. 
CQpreparation and administration 
(.IQ solution was prepared from a stock of 4t) rug ml ( Q 
sulphate Ntvaquinc T M diluted in distilled water and 
administered oralt using a lubricated catheter in approxi-
mately 0.1 ml doses of 12 mg kg-' of mouse weight in all 
cases. Preliminary experiments revealed this dose to he 
suhcurative. Control mice were given 0.1 ml distilled water. 
All treatment took place between 1600 and 1700 hours 
Parasite counts 
From day 4 post-infe( tion p.i. . daily thin blood smears 
from the tail vein were Giemsa-stained and asexual parasites 
counted per 1.5 x 10 red blood cells RBC:s . At low asexual 
densities, parasites were counted per 10 RBCs. Mature 
gametocytes were counted per 1.25 x 10 RBCs. Parasite 
densities were calculated from RBC densities, measured by 
flow cytometry iCoulter Electronics"") every second day. 
multiplied by parasites per RBC. 
Mosquito feeds and dissections 
Mice were anaesthetized by an intramuscular injection of 
0.5 ml per 20 g mice 3:2: 1 distilled water: \' eta l arTSl 
RompunTM. and placed onto pots covered with nylon mesh 
containing about 40 4-5 day-old female .lnop/ieles .clep/tensi, 
which had been starved for the previous 24 h. Mosquitoes 
Table I. Details of experiments 
no. of mice infected 
clone da p.i. of  
experiment used (Q treatment (IQ 	control 
CR 6 6 5 
2 	 CR 5 6 6 
3 CR 4 5 
5 6 6 
6 5 
4 	 ER 5 6 6 
p.i.. post-infection: CQ. chloroquine. 
Prm. R. Sue. Loud. B 1997 
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Figure 1. Mean asexual parasite densities i + I s.c. during infections for experiments 1-4 'a-d respectively;. 
CQ, chloroquine. 
were left to feed in the dark for 30 mm. between 1845 and 
1945 hours. They were subsequently maintained at 25-30 CC. 
70-80',, humidity, with a 12-It light cycle, and provided 
with 5',, glucose. 0.05 " ,, pABA solution ad libitum. After 
8 9 ci. approximately 25 mosquitoes per mouse were dissected 
to determine the presence of oocysts on midguts. 
Experiments 
Details of individual experiments are shown in table 1. In 
experiments I, 2 and 4, infectivity was assayed by exposing 
half the mice in each experimental group to mosquitoes on 
day 12 p.i.. and the other half on day 14 pt. Preliminary 
experiments and other data 'Taylor ci al. 1997 showed that 
infectivity peaks during this period. 
Statistical analysis 
Comparisons of control and CQ-treated inft'cttons were 
made using univariate analyses of the following summary 
measures Ibr each infection: 
1 Total asexual.c. This was estimated from parasite 
densities between days 8 and 16 p.i. Parasite densities prior to 
day 8 were not used because it was unclear whether parasites 
in the CQ-treated groups were dead or alive at the time of the 
smear, and by day 18 p.i. parasite densities were at very low 
levels. Estimates of total parasites between these days were 
obtained hr integrating under the parasite density through 
time curves for each infection. This is a reasonably accurate  
measure of total numbers of asexuals between days 8 and 16 
p.i. because the asexual cycle of P. thabaudi is known to be 
24 h (reviewed in Cox 1988. 
(2) Total gametocytes. Gametocytes of P. chabaudi take 
approximately 2 d to mature A. G. J. Buckling ci al., 
uitpublishecl data; Gautret ci al. 1997. An index of the total 
number of gametocvtes produced by asexuals between eight 
and 16 days p.i. was therefore obtained by integrating under 
the gametocyte density through time curves between days 10 
and 18 p.i. This measure is not a direct estimate of total 
gametocyte numbers because gametocyte longevity is un-
certain, though the data presented below suggest few survive 
longer than 24 h. However, the sum of the gametocyte 
densities on each day is likely to be well correlated with total 
transmission probability: gametocyte densities at any point 
in time correlate with both the proportion of mosquitoes 
infected and oocyst densities within mosquitoes Taylor & 
Read 1997'. 
3' Index of gamei'ocytogencsis (IC). This was calculated 
as the ratio of total gametocytes 2: to total parasites 
11 + 2] for each mouse. 
4 Day of peak gametocyte density. 
5 The proportion of mosquitoes infected. 
Prior to analysis, estimates of total asexuals and total 
gametocytes were 1og 10-transforrned and indices of garneto-
cytogenesis IC' square-root arcsin-transformed. All analyses 
were carried out using generalized linear models 'GLIM; 
Crawley 1993:. Starting with the highest order interactirns, 
all factors experiment, treatment . CQ+, CQ - ' and, where 
relevant, day of CQ treatment or day of mosquito feed: and 
their interactions were individually removed in turn from the 
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maximal model. Non-significant factors were removed and 
test statistics obtained from the resulting minimal model. A 
binomial error structure, applying illiarnss correction for 
os-erdispersion. was used or the logistic regression of infection 
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• 3. RESULTS 
Total asexuals and total garnetocvtes did not differ 
between experiments F3 =0.67. p = 058: F3 =52 
0.44. p = 0.73. respectively;. (IQ treatment, however, 
had a significant effect. reducing asexuals to 2W',,of 
controls and ganlctocvtes to 50 figure 1, F1 - = 
114.40. p<0.000I: figure 2. F= 7.10. p=O.Ol. 
respectively . The effect of CQ did not differ between 
experiments treatment liv experiment interactions: 
11,: 1 , 49 = 1.26, p = 0.3: F1 = 1.87. p = 0. 15, asexualsAl  
and gamrtocvtes. respect velv i 
The index of garnetocvtogenesis IG was about 2.5 
times greater in CQ-treatecl infections than in control 
infections T,1 ,52 = 16.00. p < 0.0001 1. There were no 
ciilh'rences between experiinents, nor did treatment 
elicits differ between experiments 1_'3 	= 0.76. p = 
0.52: F 	= 1.54, p = 0.22, respectively. Figure 3 
shows the relationship between total ganietoevtes and 
total asexuals for all infections. 
Peak gamctocvtc densities occurred approximately 







total asexual parasites 
Figure 3. Total asexuals and iotal gametocvtes between 
days 8 and 16, and 10 and 18 p.i.. respectively for 
chloroquine-treated and untreated infections in experiments 
1-4. Mean ±s.c) index of gametocytogenesis IC i : CQ-
treated = 0.0180±0.0026; control = 0.0066±0.0012. 
infections for the experiments using CR ( experiments 
1-3: F115 = 54.86. p < 0.0001 : figures 2a- and 3 d 
earlier in the experiment using ER experiment 4 
F1 0 = 19.89, p = 0.001 : figure 2d. For experiments 
1-3. the effect of treatment on timing of peak 
gametocyte densities did not differ between experi-
ments i treatment by experiment interaction: 1. = 
- 	 0-c---- 	, .%., 	- , 	- 	- q 
4 	 8 	 12 	 16 	 20 	 4 8 	 12 	 1 ,6 	 20 
day post-infection 
Figure 2. Meats gametocyte densities 	+ I se.) during infections for experiments 1-4 a- d respectively. 
(:Q. cliloroquinc. 
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12 	 14 
day post-infection 
Figure 4 	proportions of mosquitoes infected ± 1 s.ej 
for chioroquine-treated and untreated mice on clays 12 and 
14 post-inlection. 
0.15, p = 0.86), but the timing of peak gametocyte 
densities differed between experiments F., 31 = 4.46, 
p = 0.02). This was probably due to differences in 
timing of CQ treatment between experiments; there 
was no significant difference between experiments 
when CQ-treated groups were separated on the basis of 
specific day of treatment p > 0.25 for controls and 
days 5 and 6 p.i. CQ treatment). Interestingly, there 
was a significant positive relationship between the day 
of CQ treatment and the day of peak gametocyte 
density for days 4, 5 and 6 p.i. CQ-treated groups 
in experiments 1-3 (ordered heterogeneity test (Rice & 
Gaines 1994): rP e = 0.96.p<0.01). 
There was no difference in total gametocytes 
between days 4, 5 and 6 p.i. CQ-treated groups in 
experiment 3 (F., 13 = 0.20, p = 0.83). IG, however, 
significantly differed between the groups (F, n = 4.38, 
p = 0. 035) pairwise comparisons revealed the IG to 
be greater in day 6 p.i. CQ-treated infections than in 
those treated on day 4 p.i., but there were no other 
significant differences Scheffe analysis p = 0.04, p > 
0.2 for both other comparisons). 
Proportions of mosquitoes infected were greater in 
CQ-treated mice than control mice on day 12 p.i. and 
vice versa on day 14 p.i. (figure 4; day by treatment 
interaction: X2 = 15.74, p < 0.0011. There were no 
significant cliflerences in overall proportion of mos-
quitoes infected between experiments, day and treat-
ment, and neither treatment nor day effects., and their 
interaction, differed between experiments (p > 0.2 in 
all cases). 
4. DISCUSSION 
Inlictions treated with CQ produced significantly 
fewer asexuals and gametocytes than untreated infec-
tions, but for a given number of asexuals, the number 
of gametocytes was about 2.5 times greater in CQ-
treated infections. This is most likely the result of 
increased game tocvtogenesis following suhcurative CQ 
treatment, consistent with our hypothesis. 
Changes in the relative mortality rates of gameto- 
cytes and asexuals cannot adequately explain the 
results. First, stage-specific mortality caused by CQ 
cannot he involved. The half-life of whole blood CQ-
concentration in mice heavily infected with P. chabaudi 
(21 —25 parasitized RBCs) is in the order of 7 11 
(Cambie et a/. 1994). Parasite numbers were first 
assayed at least 2 d after treatment, when the CQ 
level must have been less than 0.5 mg kg preliminary 
experiments revealed twice this concentration to have 
no noticeable effect on parasite numbers or infection 
dynamics. Moreover, virtually all the gametocytes 
counted must have been produced from post-treatment 
asexuals: any long-lived gametocytes present during 
the period of CQ activity would have made up only a 
tiny fraction of the gametocytes used to estimate sub-
sequent gametocvtogenesis because they were at such 
low densities when inuictions were drug-treated figure 
2). Second, differential mortality resulting from dif-
ferences in immune response between the groups not 
only requires a gametocyte-specific clearance mech-
anism, for which there is currently no evidence (Taylor 
& Read 1997), but also one that is suppressed by CQ. 
The best explanation lbr the relative increase in 
numbers of gametocytes following CQ treatment is 
therefore increased gametocytogenesis, as predicted by 
both the safe-harbour and the fecundity compensation 
hypotheses. Nevertheless, the delay between CQ 
treatment (hence peak asexual density) and gameto-
cyte production (figures 1 and 2) is not entirely 
consistent with these adaptive hypotheses. Increased 
gametocytogenesis in response to stress might he 
expected to be immediate, resulting in mature gameto-
cytes 2-3 days later. Instead, we observed a delay of 
about a week. However, it is striking that in control 
infections there is also a delay of approximately a week 
between peak asexual density and peak gametocyte 
density. An intriguing possibility, consistent with the 
hypotheses, is that a sudden drop in parasite numbers 
might be acting as the cue for delayed gameto-
cytogenesis in both CQ-treated and control mice. In 
untreated infictions. such a strategy would have the 
consequence of minimizing production of gametocytes 
during crisis, an immune-mediated response that 
clown-regulates parasite numbers jarra & Brown 
1989 and during which gametocvte infectivity is 
greatly suppressed (\Very 1968). It is feasible that CQ 
treatment results in an artificially early occurrence of 
the same cue that stimulates this crisis-avoiding delay. 
c;anletocVtogenesis frequently follows a substantial 
reduction in overall parasite numbers Sinden 1983; 
Carter & Graves 1988; Alano & Carter 1990; Sinden 
ci al. 1996; figures 1 and 2, suggesting a positive 
relationship between gametocytogenesis and factors 
that correlate with parasite destruction. Such factors 
might explain how gametocvtogenesis was triggered in 
control and CQ-treated infections despite radically 
different parasite dynamics (figures 1 and 2) and host 
condition in the two groups. Increased relative 
gametocvtogenesis following CQ treatment might he 
explained h the resulting short-term very high rate of 
parasite destruction. This relationship would also 
explain why game tocvtogenesis was greater in mice 
treated with CQ on day 6 p.i. compared with day 4 p.i. 
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The later treatment inevitably resulted in greater 
parasite death, both because by that stage there were 
more for CQ to kill figure 1 c, and because of 
enhanced immune activity as a result of greater 
exposure. in terms of both time and numbers, to 
parasite antigens. 
Whatever the mechanism involved, these results 
clearly demonstrate increased gametocytogenesis fol-
lowing suhcurative CQ treatment. As far as we are 
aware, this is the first fully controlled demonstration 
that suhcurative treatment with an antimalarial drug 
can increase gametocvtogenesis in Plas,noditun, and thus 
alter patterns of inftctiousness. The dose of CQ used in 
this study is equivalent to half the commonly recom-
mended dose lbr treatment of people with P.Ja/ciparum 
25 mg kg' over 3 d; Desjardins el at. 1988 . Because 
treatment often terminates following clinical improve-
nient. and drug-resistant parasites are common. 
subcurative treatment frequently occurs Wernsclorler 
1994). The results are therefbre potentially relevant to 
the treatment of P/avmoa'iu,n with (9 in the field. 
First, even large reductions in the numbers of asexual 
Parasites may have a much less dramatic effect on 
inü'ctivitv because of compensatory investment into 
ganletocvtes. It is notable that in our transmission 
experiments, the proportion of mosquitoes infected was 
similar from treated and untreated infections I  figure 
4). Second, transmission between hosts might actually 
hefluster where subcurative treatment is common, 
because of the earlier timing of peak infectivity i figure 
4. Transmission may be further enhanced by the 
general reduction in host immunity because of de-
creased exposure to the parasite Graves ci at. 1988 
and by the increased infectiousness of gametocytes 
apparently induced by very low level CQ treatment 
Rantkaran & Peters 1969; Wilkinson ci at. 1976: 
I thiniori ci at. 1990i. Finally, if the effect is a 
generalized stress response, it might he observed 
following treatment with most blood-stage anti-
malarials and even potential vaccines. 
Here we have only considered phenotypic modifi-
cations of game tocvtogenesis. Consistent differences in 
gametocyte production between isolates of P.Jatciparuin 
in duo Burkot ci at. 1984; Graves ci at. 19841 imply 
natural genetic variation in game tocytogenesis on 
which drug-imposed selection could act to generate 
long-term changes in resource allocation between 
asexuals andgametocvtes. Parasites will probably 
increase their fitness under drug pressure by producing 
gametocvtes in greater quantities earlier in the infec-
tions. Lines ci at. 1991) suggested that just such 
adaptation may underlie increases in malaria trans-
mission in Tanzania following long-term CQ use. This 
is supported by a recent studs' in Sri Lanka that 
showed that infections of CQ-resistant parasites are 
more likely to be gain etocvte-positive than infections 
of sensitive parasites Handunnetti ci at. 1996): under 
drug pressure, adaptive life history changes are likely 
to evolve in parallel with the development of drug 
resistance. Both short- and long-term parasite life 
history changes in response to intervention strategies 
are to be similarly expected in many disease-causing 
organisms. 
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